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PREFACE

This report is one of a series of reports prepared under

JPL Contract No. 950657 by GM Defense Research Labora-

tories, Santa Barbara, California, and its major subcon-

tractor for electronics, Radio Corporation of America,

Astro-Electronics Division, Princeton, New Jersey.
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APPENDIXI

OPERATIONALGROUNDEQUIPMENT

A. INTRODUCTION

The Operational Ground Equipment (OGE), as initiallyconceived, consisted of

five units. Four of these units were termed "stations" and the fifthwas an

automatic unit. The title,along with a brief description of each of these five,

follows:

1. Control Station

Vehicle orders are dispatched from the Control Station to the vehicle.

Completion of the instructions is indicated at this station along with a

TV presentation taken from the (SLRV) vehicle. The operator(s) who

attends this station has at his command an instruction program which

is continually being up-dated as the situation requires.

2. Engineering or Diagnostic Station

The Engineering Station receives telemetry data concerning the status

of all monitored components. Itis the function of the operator(s) at

this station not only to look for failures, but also to sense trends

which, if allowed to continue, would result in failures.

3. Navigation Station

This station receives telemetry data pertinent to vehicle navigation.

Navigation pictures are presented at this station and current and

future positions of tilevehicle accounted for. Program inputs are

supplied to the Control Station when necessary.

II.1-1
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4. Scientific Station

The Scientific Station is intended to monitor the execution of scientific

experiments and to revise and update the scientific portion of the pro-

gram. This will probably require a staff to aid in data reduction and

interpretation. Extensive use of storage and computing facilities will

be required from this station.

5. Data Processing

This equipment will receive raw data. This data will then be sorted

and distributed to the proper station or stations. Also, inputs may

be routed through this unit for formatting or integration into the

Surveyor command format.

However, as more insight was gained into the workings of the Space Flight

Operations Facility (SFOF) and the Deep Space Instrumentation Facilities

(DSIF), two facts were noted. First, in planning new missions use should be

made, as much as possible, of the existing JPL space facilities. Second, the

division of effort at SFOF, which is the space flight control center, is broken

out in an almost identical fashion to the task divisions listed above.

The six major areas at SFOF are listed below along with the corresponding

SLRV stations.

SFOF

Missions Control and

Operations Area

Flight Path Analysis Are_t

Spacecraft Performance

Analysis Area

Space Science Display and

Analysis Area

Data Processing Area

Video Analysis Area

SLRV

Control Station

Navigation Station

Engineering or Diagnostic Station

Scientific Station

Data Processing

Video Processing Area

(not included above)

II.1-2
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For purposes of defining equipment needs in greater detail, it has been assumed

in the remainder of this _ppendix that control would be centered either at SFOF

or in a similar control arrangement (not currently in existence) at the DSIF

stations. It has further been assumed that a Control Data Console (CDC), in

use with the Surveyor, will also be available for SLRV use.

B. OPERATIONAL GROUND EQUIPMENT

A list containing all of the OGE needs is included in this section as Table

H. 1-1. This is intended to be a master list (exclusive of data processing

needs) and will be updated as more information becomes available. Should

the mission be controlled from any of the DSIF's, vii'tually all of this

equipment would have to be considered. However, with SFOF control, a

different situation exists. Following this list is a more detailed descrip-

tion of the equipment.

There is now, or planned for early 1966, much equipment at the SFOF

which is defined as "mission independent." This equipment (updated as

required) is permanently installed and is available for the performance of

missions from this facility. Table II. 1-2 lists the known equipment planned

or available. Equipment which may be installed for a single project is

termed "mission dependent" and must be compatible with SFOF require-

_entso If the SLRV mission were to be conducted from this installation,

full use, as far as is possible, would be made of the existing equipment.

The list of Table H. 1-2 does not include computing and data processing or

supporting equipment in other areas of the facility, which also would be

utilized in the SLRV mission.

II. 1-3
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Table II. 1-2 (b)

DSIF RECORDING EQUIPMENT

Goldstone Johannesburg Woomera

Echo Site Pioneer Site

Direct writing
8 channel

Sanborn Mod.
358

Photographic
36 chan.
Midwest 603

Tape recorder
Ampex FR 107
1/2 in. tape

Tape Recorder
Ampex FR 607
1/2 in. tape

Printer
H-P 560A

Direct writing
8 channel
Sanborn Mod.
158

Photographic
Oscillograph -
14 chan.
Midwest 621

Photographic
36 Chan.
Midwest 603

Tape Recorder
Ampex FR 107
1/2 in. tape

Tape Recorder
Ampex FR 607
1/2 in. tape

Printer
H-P 560A

Photographic
Oscillograph -
14 chan.
Midwest 621

Photographic
Oscillograph
36 chan.
Midwest 603

Tape recorder
CEC 752 A
1/2 in. tape

Tape Recorder
CEC 752 A
1/2 in. tape

Printer
H-P 560A

SAME AS

JOHANNESBURG

II. 1-15
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C. SLRV OPERATIONAL SEQUENCE OF EVENTS

Shown in this section is a possible sequence of events which is intended to test

the Ground Equipment as it has been proposed.

CODE

A - Mission Control - SFOF

B - Communication Center - JPL

C - Computing Facility - SFOF

D - DSIF Net Control - SFOF

E - JPL/HAC Control Center - AMR

F - Flight Path Analysis - SFOF (Navigation Station)

G - S/C Performance Analysis - SFOF (Performance Analysis
Station)

H - SFOF

S/C - Spacecraft

11 Goldstone DSIF

41 Woomera DSIF

42 Canberra DSIF

51 Johannesburg DSIF

Prior to Touchdown

1. Mission Director requests status of all OGE.

2. Performance Analysis reports status of all OGE.

3. Mission Director requests status of DSIF/SFOF-SLRV

equipment.

4. DSIF reports equipment status. SFOF reports equipment

status.

5. Navigation station requests pre-landing photos from

Control Station and alerts Scientific Analysis.

6. Control Station starts transmission of pre-landing

photo acquisition sequence.

To

G

A

ll&H

A

A

11

II. 1-16
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7. Video processing reports reception of pre-landing photos and

GMT to be displayed. (Distribution to Scientific Analysis,

Navigation Station and Control Area follows). A

8. Navigation Station determines "best guess" touchdown

point and surveyor orientation. A

Touchdown

1. Navigation Station determines "best guess" touchdown point

and surveyor orientation. A

2. Mission Director announces handover of program to SLRV

mission objectives. H

3. Control Station sends SLRV "wake up" signal. SLRV

4. Performance Analysis starts evaluation of SLRV and

Surveyor subsystem status. H

5. Performance Analysis reports any unusual condition

present in SLRV Surveyor TM data. H

6. Navigation requests pre-deployment TV photos. A

7. Control Station initiates TV sequence. SLRV

8. Video analysis reports photo sequence received, and

initiates film processing and distribution. H

9. Performance analysis reports preliminary status of

TV subsystem. H

Deployment

10. Mission director evaluates deployment situation.

11. Mission director requests SLRV deployment.

12. Control Station sends deployment command sequence.

13. Performance Analysis reports any unusual condition in

SLRV subsystem status.

H

A

SLRV

H

II. 1-17
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14. Navigation Stationrequests 360 ° TV sequence. A

15. Control Stationinitiates360 ° TV sequence. (Could be

part of deployment routine) SLRV

16. Video Analysis reports acquisition, processing and

distribution of TV sequence.

17. Navigation station reports SLRV heading. A

18. Performance analysis requests subsystem exercise

routines. A

19. Control Station starts transmission of locomotion,

steering, TV and DIBSI routines. SLRV

20. Performance Analysis establishes status of all sub-

systems and reports any unusual condition. Also

establishes continuous displays (i. e. temperature,

pressure, electrical, communication etc.) H

21. Scientific Analysis reports "quick look" soil property

evaluation. H

22. Video Analysis establishes stereo pair photos and

distributes. (and repeats on every TV scan). H

23. Scientific Analysis initiates topographical profile analysis. H

24. Navigation Station establishes a recommended course

and heading. A

25. Control Station starts transmission of locomotion, TV

and steering routines to reach a vantage point. SLRV

26. Scientific Analysis reports results of photo examination A
&

for candidate landing points. F

27. Navigation Station provides user areas a ground track

plot of SLRV.

II.1-18
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Vantage Point Arrival

28. Navigation Station reports location of vantage point. A

29. Navigation Station defines scan sector and requests

TV sequence. A

30. Control Station initiates TV sequence in defined scan

sector. SLRV

31. Video Processing acquires, processes and distributes

TV sequence photos. H

32. Scientific Analysis reports reports results of preliminary

photo examination for candidate landing points. H

33. Navigation Station defines scan range. A

34. Scientific Analysis reports whether candidate landing

point is in scan zone. H

IF YES

35. Navigation Station reports recommended heading to reach

candidate landing point. A

36. Control station starts transmission of locomotion,

steering and TV sequences to reach candidate landing

point. SLRV

_1'7 "KT,-*.,.4_4-.I_--CI4,..4-.S_----1.. ............. ..1 ¢ .... .,[Ji

reports candidate landing point arrival. A

Landing Point Arrival

38. Scientific Analysis requests TV sequence. A

39. Navigation Station requests Range and Bearing Sequence

and determines location of candidate landing point. A

40. Navigation Station defines TV scan sector. A

41. Control Station initiates TV sequence and Range and

Bearing sequence. SLRV

II. 1-19
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42. Video Processing reports acquisition, processing and

distribution of TV photos. H

43. Scientific analysis reports "quick look" relief evaluation. H

44. Scientific analysis requests Soil Measurement sequence. A

45. Control Station initiates DIBSI command sequence. SLRV

46. Scientific analysis reports results of "quick look"

soil property evaluation. H

47. Scientific analysis reports bearing strength and relief

certification status. H

48.

If Certification Status is YES

Scientific Analysis requests and control station initiates

additional DIBSI and/or TV sequence as required.

If Certification is Still Confirmed

49. Navigation Station reports location of landing point and

updates ground track plot.

50. Navigation Station reports course and heading to new

search area perimeter (preferred and secondary)

51. Control Station initiates locomotion, steering and TV

sequences to reach search area perimeter.

Search Area Perimeter Arrival

52. Navigation Station reports search area perimeter arrival

and requests TV sequence in specified Scan sector.

53. Navigation Station requests Range and Bearing

measurement.

54. Control Station starts transmission of TV and Range and

Bearing sequences.

SLRV

A

A

SLRV

A

A

SLRV

II. 1-20
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55. Navigation Station reports search area perimeter

arrival.

56. Video Processing acquires, processes and distributes

TV photos.

57. Repeat. 23 through 56. and - as required.

58. Performance Analysis reports any unusual occurrence

in SLRV, Surveyor and/or SFOF/DSIF status.

Charge

59. Performance Analysis reports forecast of GMT for

battery charge.

60. Performance Analysis reports arrival of battery charge

time and length of charge required.

61. Navigation Station reports recommended heading for

charge.

62. Control Station initiates steering, locomotion and

charge sequences.

63. Mission Director announces GMT for resuming operation.

Maintenance

64. Performance analysis initiates routine check and

calibration of all OGE equipment.

65. Performance Analysis reports status of OGE, SFOF-

DSIF Equipment and maintenance requirements.

66. Routine and emergency maintenance performed.

67. Scientific analysis initiates non-real time photo analysis,

mapping and data analysis.

68. Scientific analysis reports corrections to SLRV ground

track, landing point locations and soil property analyses.

A

H

H

A

H

A

SLRV

H

C

A

H

H

F

H. 1-21
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69. Navigation Analysis updates plots and data on displays

as required. H

70. Mission Director reports updated mission plan and

work schedule. H

71. Performance Analysis reports Battery Charge time

complete. H

72. Mission Director directs "wake up" sequence be

transmitted. A

73. Control Station starts transmission of "wake up" sequence. SLRV

74. Performance Analysis establishes status of all sub-

systems and reports predicted work time available. H

75. Performance Analysis reports status of all supporting

equipment, (DSIF-SFOF-OGE) and reports any unusual

condition, also establishes continuous status displays. H

76. Navigation Analysis requests TV 360 ° scan sequence. A

77. Control station starts transmission of TV scan sequence. SLRV

78. Video analysis reports acquisition processing and

distribution of TV photos. H

79. Repeat 23 through 56 as required.

DSIF Maintenance and Time Functions (Ref. JPL TM 32-319)

I, Acquisition Procedures

A.

B.

C°

First time acquisition 5 to 8 min.

Subsequent acquisition 1 to 3 min.

If signal strength approaches receiver threshold, time increases.

Telemetry Synchronization 20 min. max.

-but if errors develop - time increases

H. 1-22
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Do

E.

El

Gi

Decommutator synchronization 4 sec to over 2 hours

depending on bit rates

(may be reduced if commutator position is known beforehand)

Antenna Pointing

(ifangles are known)

Receiver Tuning

(rain. signal 3 to 6 db above

receiver threshold. )

Telemetry Discriminator Lockup

each subcarrter

1 min average

1 to 2 min at lunar distances

I0 to 20 sec.

II. Testing Checkout and Maintenance

Ao

B.

Co

After Equipment is installed and

tested, one or two complete

network runs

Subsequent routine checks and

calibrations.

Routine Maintenance

10 hrs. average.

3 hrs/day

8 hr. period/3days

COMMON" _tu_m_u uu _u_vl_vu-_u_

TV Single Picture

B-36

B-2

B-14

C-6

B-7

Stand by mode

TV on

SLRV transmitter high power

Surveyor transmitter wide band

TV start picture sequence

II. 1-23
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B-15

C-5

B-3

AND

B-5

OR

B-6

TOTAL

SLRV transmitter low power

Surveyor transmitter narrow band

TV standby

TV step AZ, head CW

TV step AZ head CCW

8 commands - average (assume B-36)

LOCOMOTION - SINGLE STEP

A-1 Locomote forward

AND TV single picture as above

TOTAL - 9 commands average

RANGE AND BEARING

C-2

C-8

C-9

C-10

B-18

TOTAL -

Range and Bearing on

Range measurement

Bearing measurement

Stop range and bearing measurement

Range and bearing measurement off

5 commands

DIBSI Measurement

Assume:

Standby mode

Steer center

TV - correct azimuth

II. 1-24
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B-25

B-26

B-2

B-14

C-6

B-7

B-15

C-5

B-3

B-28

B-29

B-2

B-14

C-6

B-7

B-15

C-5

B-3

B-27

B-2

B-14

C-6

Execute:

AND

DIBSI select

DIBSI deploy

TV on

SLRV transmitter high power

Surveyor transmitter wide band

TV start picture sequence

SLRV transmitter low power

Surveyor narrow band

TV stand by

DIBSI start

Allow "N" impacts

DIBSI stop

TV on

SLRV transmitter high power

Surveyor transmitter wide band

TV start picture sequence

SLRV transmitter low power

Surveyor narrow band

TV stand by

DIBSI retract

Take a TV picture, as above

If.1-25
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B-7

B-15

C-5

B-3

AND

Step azimuth head CW or CCW as required

Total average - 30 commands

CHARGE ROUTINE

B-34

B-32

AND

B-10

B-4

B-16

B-20

B-16

C-4

Solar panel step up

Repeat as required, or

Solar panel deploy

Start battery charge

TV off

SLRV transmitter off

VSD's off

SLRV TM off

Surveyor transmitter off

TOTAL - 8 commands

WAKE UP ROUTINE

C-3

B-II

B-19

B-21

VHF transmitter on low power

Stop battery charge

Telemetry on

VSD's on

OR

B-36

Standby
Mode
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B-3

B-35

TV standby

Solar panel retract

TOTAL - 2 to 6 commands

II. 1-27



G M DEFENSE RESEARCH LABORATORIES _) GENERAL MOTORS CORPORATION

TR64-26

D. DIGITAL COMPUTER REQUIREMENTS OF OGE

The digital computer is an integral part of the OGE. It is used to real time

process telemetry, commands, DSIF transmitted data and inquiry from

OGE stations. It must multi-process scientific problems in non-real time.

All data from SLRV is processed by the computer and stored for recall and

processing by analysis programs.

All data inputs are entered into the computer via an overlapped data chan-

nel (IBM 7288 at SFOF). This data channel has assigned buffers in the

memory. When the buffers are full the computer interrupts the program

in process and processes input information from the buffer.

SLRV data entering computer consists of

• PCM Telemetry Data at 1100 bits per second

• DIBSI Data - Analog data which is sampled at 10,000 samples per

second per channel with two channels being transmitted. Each

sample is represented by 10 bits.

• Range and Bearing Data - Each item transmitted separately on an

analog channel. 100 samples per second required with 10 bits

per sample.

• DSIF Data - From the two DSIF stations data will be transmitted

over transmission lines at 600 or 1200 characters per second.

Multiple lines will connect each DSIF to SFOF.

• OGE Console Inputs - Commands will be entered into the com-

puter and channeled to SLRV vehicle. Macro commands will be

interpreted and command sequences generated for SLRV

maneuvers.

PCM Telemetry - Four types of PCM telemetry are normal telemetry,

DIBSI, TV ID data and Surveyor data.
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Normal PCM telemetry contains the majority of information received on

the status of the vehicle. Information measured within each compartment

i. e., Axle 1, Axle 2 and Axle 3 is transmitted. These quantities are de-

commutated, calibrated, converted to engineering units, checked against

limits and displayed. Displays are digital, analog and discretes. Warn-

ings are issued to OGE when sensed in telemetry. Predicted problems

will be indicated to OGE console for selected items on the basis of extrap-

olation of data.

DIBSI PCM data will be received along with two analog channels of DIBSI

data. It will be decommutated, processed and displayed.

Television pictures will be transmitted along with PCM TV ID data. The

ID data will enter the computer and be decommutated, converted to engineer-

ing units, image rotation angles computed and be combined with data re-

ceived over normal PCM data. This data is converted for film recording.

An index of TV pictures will be built up in auxiliary memory (IBM 1301

disc. files at SFOF) with cross-indexing for subsequent retrieval of film

chips on an inquiry basis from OGE consoles.

The Surveyor vehicle will be trunsmitting measurements of its status.

Selected quantities will be processed for display for SLRV OGE operators.

DIBSI analog data is transmitted over two channels. It is converted from

analog to digital and entered into the computer over two sub-channels of

the communications channel. The data is calibrated, converted to engineer-

ing units and "quick look" processed.to evaluate soil properties. Soil

properties displays will be channeled to interested OGE consoles. Data

will be stored for non-real time analysis. Site certification will be de-

termined from PCM Telemetered S0tl Penetration Data and analog force

and acceleration data.
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Range and Bearing Data will be transmitted in digital form. It will be

entered into the computer for calibration and coordinate computation.

These will be displayed and used in Navigation Computations.

Commands to SLRV vehicle will be initiated at OGE command console with

command subsystem also a part of navigation console for navigation use

and back-up. Individual commands and macro commands will be initiated

from consoles. Command lockout for hostile command will be incorpo-

rated into computer programs.

Individual Command(s) will be initiated by OGE. The computer will re-

ceive commands and store until OGE execute signal is received. It will

then order the commands into proper sequence and gate the sequence out

to command subsystem.

Macro commands will be initiated from OGE and entered into the computer

i.e., TV sequence, battery charge sequence, etc. The computer will

choose proper command sequence from memory (random access file)and

issue sequence to the command subsystem.

Command lockout will be initiated from OGE for commands that have

proven hostile to SLRV, i. e., would lead to SLRV failure such as power

drain, etc. Command processing by computer program will analyze com-

mand sequences for hostile commands and delete or take other appropriate

action.

DSIF data will be received from remote stations over data transmission

lines. This will consist of SLRV performance data obtained during DSIF

operation of vehicle, messages and non real time data when DSIF is not

operating vehicle.

DSIF data on vehicle performance received during DSIF SLRV operation

will enter the computer over communications systems subchannels. It
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will be checked for errors in transmission and processed to display SLRV

performance at OGE stations.

DSIF Messages - Informative and inquiry messages willbe analyzed and

transmitted to proper OGE operators.

DSIF non-real time data can be received during SFOF SLRV operation or

other DSIF operation. This data willbe multi-processed or stored and

processed when computer is available,i.e., during battery charge periods.

OGE stations will be equipped to query the computer for information and

initiate computations of special analysis programs. Requests for recall

of selected parameter historical data will be processed. Requests for

film chips will be analyzed relative to film chip cross index stored in

memory.

Special analysis programs will be required which will take historical data

and combine it mathematically and provide resultant printout and/or

graphical display channeled to OGE operators. These programs will be

stored in random access storage and will be executed in a multi-processing

mode.

Mission simulation programs to make predictions and monitor mission

progress will be required.

Computer outputs will consist of digital and discrete addressable display

data channeled to the address and distribution unit which will channel dis-

plays to OGE consoles and to the performance station oscillograph re-

corder; printed outputs on remote printers, graphical outputs on remote

plotters and message outputs on remote teletypewriters or inquiry units.

Data transmission to DSIF will be generated by the computer.

Displays at GOE consoles will consist of pertinent mission data obtained

from computer input data. After processing, data will be tagged with an
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address of the display and placed on a single parallel communications sys-

tem subchannel and sent to the address and distribution subsystem for

channeling to proper display unit.

Central SLRV display will be processed the same as 3.7.1 containing all

mission progress data. This display will be monitored by TV cameras.

Oscillograph records of selected telemetry signals will be provided to the

performance station by the computer via the address and distribution sub-

system. The digital data will be converted to analog and combined with

time and graphed at slow speed on the oscillograph for performance

monitoring.

Remote printers of medium speed for printing output of inquiries and

analysis programs will be required. A separate communications system

subchannel will be needed for each printer.

Remote plotters are required to provide graphical representation of mis-

sion progress, TV coverage, terrain, parameters requested for trend

analysis, etc. The computer will generate plotter control information and

channel it to proper plotter. It will be necessary to have a communication

system subchannel for each plotter.

Message outputs to teletypewriters and inquiry unit typewriters will be

generated by the computer as required. This will require low speed com-

munications system subchannels.

Data transmission to remote DSIF stations will be generated by the com-

puter. Data pertinent to DSIF stations will be encoded and channeled

through communications system subchannels.

Computing equipment requirements - A digital computer system of high

speed with at least four overlapped data channels is required. This would
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consist of magnetic tape, random access memory and communication sub-

system data channels. Ability to multi-process is required.

SFOF computing facilities meet and exceed those required for SLRV mis-

sion. It consists of two IBM 7040 computers and two IBM 7094 computers

having shared IBM 1301 disc files and direct data connections between the

7040's and 7094's. The 7040's are used as input and output processers

while the 7094 is used for analysis computations.

SFOF Communications channels are multiple IBM 7288 with appropriate

subchannels. SLRV mission will require only a portion of one 7288 channel.

SFOF random access memories consistof IBM 1301 disc filesfor storage

of programs, recent history data and cross-lndex of TV pictures. SFOF

facilitiesare more than sufficient.

DSIF computing facilities will have to perform the functions required for

SLRV mission. Presently DSIF has no computing equipment. None is

planned for the near future. In order to provide 24-hour SLRV operation

digital computers are required. This need not be as complete a facility

as SFOF. Non-real time analysis programs would be processed slower.

DSIF computing facility for SLRV would require a computer with the capa-

bilities of an IBM 7044 computer with two tape channels and 1301 disc

files. The computer would be used for input-output processing as well as

computing.

A communications channel similar to one IBM 7288 with fewer sub-

channels would suffice.
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DSIF random access files would be used, as indicated previously, at

SFOF facility.

Programming requirements in support of the SLRV mission.

Programs are required to process all data entering the computer system

and to perform analysis of history data. Real time and non-real time pro-

grams are required. Use of existing SFOF programs and subroutine will

be used wherever possible. DSIF programs will have to perform the

same functions.

PCM telemetry processing programs must perform the following functions

(Real time)

1. Decommutation of data

2. Calibration and flagging of data

3. Conversion to engineering units

4. Limits check of quantities and issuance of alarms

5. Prediction of impending problems based on recent past history

6. Output to display programs

OGE Output Processer programs are required to channel information to

particular OGE equipment.

i. Message switching

2. Generation of curve plotting

3. Preparation of displays

4. Generation of remote printing

5. Issue SLRV command sequence
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Inquires to the computer will be analyzed by a computer program and

response formulated.

1. Decode inquiry and process with proper program

2. Prepare program for permissible inquiries

3. Search for data to be used in responding to inquiry

4. Code response and transmit

TV ID data is received via PCM and requires special processing programs.

(Real time)

1. Prepare output to film recorder

2. Store in random access file

3. Prepare cross-reference index for rapid retrieval

DIBSI Telemetry Processer (Real Time)

1. Calibrate flag and store data

2. DIBSI analysis programs

DSIF Transmission Processing (Real Time)

1. Receive and error check

_ • • _ • .... J ...... _J._

2. Calibrate and converL to enguxe_zulg ulIL,_

3. Process to OGE to indicatestatus

4. Transmit reduced data to DSIF

Scientific Analysis programs (Non Real Time)

1. Simulation programs

2. Special parametric analysis
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Supervisory programs to control multiprocessing. This program could be

available at SFOF but would have to be modified for DSIF.

1. Utility programs

2. Data update programs
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When the finitely conductive surface is interposed, as in Figure II. 2-1b, the system-

loss term will be altered to the degree that the first three terms on the right-hand side
of Equation (H. 2-12a) are affected. Then

Lsr s = (L'+AL'+ L"+ AL")fee d + (L'+ AL'+ L"+ AL")vswR - (Gt _ AG, + G_ + AGr)

+ 20 lOglo d m ÷ 20 log10 Free - 27.552 + 20 loglo A (II.2-13a)

= Lsy s + (AL'+ AL")lee d + (AL" + AL")VSW R - (hGt + AGr) + 20 loglo A

(If°2-13b)

Since the proximity of the conductive surface is a function of terrain characteristics,

antenna erectness, antenna height, and temperature, the A components of Equation

(l'I. 2-13b) are not only a function of the electromagnetic characteristics of the surface,

but are dependent upon the mission and terrain in a time-statistical fashion. Some of

these variations are statistically independent, while others are highly correlated.

Therefore, it is desirable to provide a safety margin, M, to encompass these variations,

and Equation (II. 2-13b) becomes

Lsr s = Lsr s + M + 20 tOglo A (II. 2-13c)

The important effect created by the conductive surface is the parameter A, which can

be defined by

E
CS

A =_

EIs

(where 2 > A > O)
(If.2-14)

The evaluation of A is therefore the primary criterion in the analysis of the lunar propaga-
tion. However, as previously indicated, the solution for A is based upon its subdivision

into parts, each of which are related to the development of the full lunar propagation

model. As the first step in this development, it is common to assume that the interven-

ing conductive surface is smooth and homogeneous, but in addition, is planar as shown in

Figure II. 2-2. Based upon this model, it will be noted that three paths are available for

the signal energy to traverse from the transmitter to the receiver. These paths are:

(1) the direct path in which the total path length is r1 ; (2) the indirect path, where the

signal energy is reflected from the surface at the intermediate point 0, and the total

path length is r 2 ; (3) the guided path, where the signal energy reaches the surface at

many points, and some of the energy is guided along the surface to breakout at the point

R to reach the receiving antenna. The latter path is relatively complex to illustrate the

condition accurately; however, empirical data indicate this path has an equivalent path

length of approximatelyr 2
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Figure II. 2 -2. Planar Surface Propagation Model
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The signal at the receiver will now be a vectorial combination of the energy arriving

by three typical paths. For each path, the vector will have both an amplitude and phase

relationship that will be independent of the other paths. The direct path will have an

amplitude which decreases as 4 v times the path length measured in wavelengths. The

phase relationship will be simply the total distance divided by the velocity of propagation.

For the second path, the signal level and phase will not only be a factor that r2 is

greater than r_, but at the point of reflection, not all of the incident energy will be

turned along the path of reflection. Some of this energy will enter the interface and be

lost to the second path. In addition, a phase transient will be introduced by the re-

flecting surface. These were pointed out by Equations (IL 2-3), (1I. 2-4) and (II. 2-5).

Next it must be noted that the angle of departure at the transmitting antenna differs for

each path and is also true for the angle of arrival at the receiving antenna. Due to the

directivity characteristics of each antenna, the initial signal amplitude along each path

will have a different coupling effect. Kraus (Refere_ce 10) indicates a relatively simple

approximation that could be applied on the basis of a thin linear antenna. When this is

adjusted to have an equatorial angular reference, the effective far-field intensity can
be given by

cos sin ¢o (II. 2-15a)
E t

r a "_ Err cos Ca
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E_ _ E cos Oa

_ _ (II.2-15b)

From this background, it is now possible to develop the signal components along each
path. For the first two paths,

E : E t cosO 1 i -- + Yo
r I r . 1 _ COS _/Yl e

4n" rl

L 73 (II. 2-16a)

E = E t cos¢2 -- Ecos¢2
r 2 r r 2

77

+ Yo) (II.2-17a)

By selecting a reference time when y o = 0, these become

Er =Err1 r (4rt._ d e

(II. 2-16b)

and

_T

r2

/_ c°s2 02 ;I _2_

= E#(4____d. e
\ >,/ cos 02

r i

d _-) P' c°s3 0 2 e

(H. 2-17b)
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E =_.2% cos3 ¢1 e (If.2-16e)
rr d
1

and

E° Rc°s3 ¢2 e (II. 2-17c)Er =
2

For the third path, the entry and exit points are indefinable. However, it is recognized

that at each point of reflection along the surface, energy of the value (I - ._-) will be

transferred into the surface. Then, possibly due to inhomogeneity, some of this energy

will reappear and travel along the interface. These surface fields could be propagating

in all directions, such that a statistical summation could be made at any location,

including the point 0. From this hypothesis, the energy intensity due to the third path

can be given by

1 2o I
co_¢_ (1-_) cos ¢_ J T f(ri' h,, h2)

E = E t _ e (II.2-18a)
r 3 r i -_(ri, hl ' h2 )

which has been simplified by Norton to the following.

Err = Et (l-R) cos 2 ¢2 [ (P' B) 1_---_ - 6I. 2-1 8b)
3 r 4____d

h

and in terms of the field at unit distance

Err3 - E°d I (1-R' ) c°s 2 62
f (P,B) e (II. 2-18c)
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Ken Equations (II. 2-16c), (II.2-17c), and (If. 2-18c) are combined, the total re-

ceived field intensity

l 2rrr 1

E : c°s3 ¢l e \A/+
cs d r21"_ c°s3 _2 e \-'--_/+ (1-,R) f(P, B) cos 2 ¢2 e - (II. 2-19)

which is Norton's expression for the ground-wave field intensity for short distances

over a smooth planar surface. The parameters of Equation (II.2-19), other than the

geometric relationships given in Figure 1I. 2-2, are

E

ql + q2 J "4 -- 2

\ 2p /e -i

J -7
+1

.ql + c12)

(II. 2-20)

(II. 2-21)

2rr h l, 2

q1,2 - A i TI (II. 2-22)

rv,h

1

(II. 2 -23)

C e

,2
C o

(II. 2 -24)

jB
Pe =p

cm

1

-- c°s2 _2

2

4p e jb

2

(i-E)

2

jb
e

(II. 2 -25)

(II.2 -26)

(II. 2-27a)

(II. 2-27b)
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er2 + (60_2 A)2

I/2
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(II. 2-28a)

and

I4 t_2 _2 ]1/2

2 2
I = --cos * (60a 2A)T h [ (Er2

(II. 2-28b)

2an tan1[:r2
Jr,bh = 180- tan -I s0_h j (II.2-29b)

From Figure II. 2-2, it can be recognized that the first path is actually the free-space

condition. Thus, if it is assumed that there exists conditions where the first two terms

of Equation (II. 2-19) predominate over the third term, then by suppressing the third

path and substituting Equations (II.2-19) and (II. 2-16c) into Equation (II. 2-14),

e

d + g cos 3 ¢2 e

---'K'° c°s 3 ¢ l e
d

(II. 2 -30)

277

c°s3¢2 J-7"(_2 - _1)
I+R e

cos 3 _ 1

Since the ¢2 _ _I at low grazing angles, and R _< 1, the maximum value for A is 2,

the boundary given with Equation (II.2-14).

Now, in order to model the component segments which constitute the value for A, it is

first assumed that the antenna heights h = h 2 = 0 Then, from Equation (II. 2-22),

ql =q2 = 0 With those introduced into Equation (II.2 -20), the value of g is found to

be -1, and r 1==r2 = d resulting in ¢1 = ¢2 = O . By introducing these conditions into

II.2 -16
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APPENDIXII

COMMUNICATIONSSUBSYSTEM

A°
ANALYSIS OF ELECTROMAGNETIC PROPAGATION BETWEEN THE

SURVEYOR BUS AND THE SURVEYOR LUNAR-ROVING VEHICLE

1. General

A solution to the degradation in intensity or density of an electromagnetic

field as it is propagated between two terminals can be obtained through the appropriate

use of Maxwell's equations. If the propagating medium is homogeneous and continuous,

the solution is relatively simple. However, if the propagating medium is not homoge-

neous, an approach to the solution can be obtained by considering that the total propa-

gation path is the summation of consecutive media, each of which is homogeneous

and continuous within its own boundaries, but becomes discontinuous at the boundary

of the adjacent media. Thus, Max_ell's equations must be applied in successive

fashion to accommodate the interface parameters of the individual media. This now

becomes a complex process of accurately defining the location and consitituency of

the elementary segments, and is further complicated if the intra-relationshi p between

segments is not time-constant. This situation is common in the modeling for terres-

trial terminals, and techniques have been developed to reduce the complexity even

though the accuracy of the results are impaired.

When the ray path of the propagated energy passes close to a finitely conductive sur-

face, the electrical characteristics of the elementary segments in that vicinity must

be adjusted to account for the characteristics of this surface. For terrestrial termi-

nals, the surface is assumed to be homogeneous, so that the effects introduced to the

elementary segments are proportional to the distance they are separated from the

conductive surface. However, when the surface is not homogeneous, the effect upon

the segments will be different. In the case of the SLRV, due to its dynamic status, the

path relationship will be a random time variable. For this type of condition, the

assumptions that are usually made tend to normalize the propagation model and pro-

vide a margin to accommodate the variations t_hat might be incurred.

Calculations of the effects of propagation across the surface of the moon involve a

multitude of parameters which must be considered. Some of these are discussed to

illustrate their importance as visualized for similar terrestrial terminals, while

others are considered to be negligible in terms of results obtained through other

scientific investigations. The usual procedure for handling this type of propagation

problem is to assign median values for many of the parameters. Even though empirical
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datahave shown relatively close comparison to the theoretical data for the terrestrial

terminals, it is not realistic to assume that all of the terrestrial experience can be

directly extrapolated to the lunar propagation problem. For this reason, it is desir-

able to establish only those parameters that are considered to be insensitive in the

location of analytical saddle points.

As the SLRV explores the surface of the moon, its separation from the Surveyor will

be a variable of time. However, it is assumed that the maximum separation will be

that dictated by the operational desires of the SLRV and will be limited to approximately

3200 meters. This is a very short range in comparison to distances usually considered

for terrestrial conditions. Thus, the usual concept of a "smooth sphere of homogeneous

electrical characteristics" can not be looked upon too favorably. For much longer

ranges, the localized regions of heterogeneity become smoothed in an average value

without introducing large errors. For the moon, this "smoothing" assumption can not

be applied, and the path turbulences can be expected to approach 30- values instead of
the normal variance about the mean.

The direction of propagation is immaterial due to the bilateral characteristics of the

propagating media. Thus, for purposes of this analysis, the direction has been selected

to be from SLRV to Surveyor.

It is further assumed that the total propagational effect is the vertical sum of the indi-

vidual segment contributions. With this in mind, the analysis of the propagated signals

is based upon the consideration of individual effects created by the presence of the

lunar surface , in comparison to the signals over a truly "free-space" path. Since the

presence of the lunar surface has several reactions, the following discussion of some

of these responses is presented in the following paragraphs. A glossary of the terms

used in this analysis is presented on page II. 2-30.

Antenna Characteristics

An antenna functions as a launching device to convert electromagnetic

energy from conducted to radiated (and vice versa) fields. The efficiency of this device

is based upon its ability to make this energy transformation in terms of its insertion

loss. However, physical devices, such as the antenna elements, can be expected to

have lossy elements that will shift some of the radio-frequency (r-f) energy into the

thermal spectrtm_. These lossy components can be identified as the radiating elements,

the feedlines, and the interconnecting and matching elements.

Since the SLRV has an operational requirement for transferring information bi-direc-

tionally, duplex techniques must be provided, if the transfer is not simultaneous, or

diplex techniques, if simultaneous transfer is required. In this analysis, it is assumed

that simultaneous operation will be used, and a diplexer is considered as part of the

antenna circuitry. The function of the diplexer is to maintain a proper flow route for
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the signal energy, so that the radiating elements of the antenna can be used as a com-

mon element. It is further assumed that the operation will be at fixed frequencies,

adequately separated in the spectrum such that the diplexer can be fixed tuned with

both narrow- and isolated-passband characteristics for each direction.

The characteristic impedance of an antenna is a function of its physical dimensions and

its coupling effects to the surrounding environment. In the case of an antenna located

close to a finitely conductive surface, the radiation efficiency is affected by the actual

clearance and the electromagnetic characteristics of the surrounding surface. For

Surveyor antenna, the effective clearance will be dependent upon the attitude reached

after landing. However, the SLRV will not be this constant, since it must negotiate

terrain obstacles and contours. Therefore, the impedance match of the SLRV antenna

(for each of the frequencies used) will be a time variable in terms of the attitude caused

by the pitch and roll of the vehicle and the proximity of adjacent terrain as a function of

its contouring.

Another factor that can affect the antenna performance is the thermal coefficient of the

components as they are subjected to a variable kinetic temperature. The antenna on

Surveyor will be subjected to diurnal temperature variations, whereas the SLRV will be

subjected to shorter temperature variations.

Finally, the antennas will possess a certain degree of three dimensional directionality.

This results in a variation of the antenna transfer efficiency in terms of angular radials

along the path of propagation. As a result of the fixed attitude of the Surveyor after

landing and the terrain contour negotiated by the SLRV, the antenna transfer character-

istics will be a statistical variable in angle from the Surveyor.

Polarization

In the selection of the operating parameters, it is desirable to choose

those factors which are most insensitive to the operational conditions. One such

parameter is the polarization characteristics of the antennas, which are defined by

the relationship of the electric vector with the plane containing the Poynting (ray path)

vector incident to and reflective from the finitely conductive surface in proximity to

the antenna. Since the electric vector can either maintain a constant relationship with

this plane or be in a time rotation, there are several ways to identify the polarity. In

the case of constant relationship with the plane, the electric field is considered to be

linear, and can be called vertical, if it remains in the propagation plane; or horizontal,

if it is normal to the propagation plane. However, when the vector is in time roation,

it can be called circular, if the vector amplitude is constant; and elliptical, if the

amplitude is time-modulated. For the rotational electric vector, both right- and left-

handed directions of rotation are possible (defined in terms of direction of rotation for

a slot in the head of a screw such that forwarded motion is dependent upon the cut of

the threads along the shank).

II. 2-3
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Polarity considerations for this propagation analysis are basically confined to either

horizontal or vertical directions, due to the effects created by the interface between

free space and lunar surface. However, uniform azimuth gain characteristics can be

provided with horizontal polarization by the use of multiple dipoles properly oriented

and energized. The two specific antennas considered for calculating the propagation

losses were a vertical, quarter-wavelength stub with four radials (quadrature dis-

placement) of a quarter wavelength to provide vertical polarization, and two quadrature-

displaced, half-wavelength dipoles in a horizontal plane, fed in phase quadrature for the

horizontal polarization. The latter type is more commonly known as a horizontal

"turnstile" antenna.

Deflection

The amplitude of electromagnetic energy is a function of the impedance

relationship between the launching device (antenna) and the surrounding medium. The

purpose of the antenna is to provide a highly efficient launch of the electromagnetic

ragiation, which it accomplishes by acting as a transformer-matching device between

the feedline and the propagating medium. The intrinsic impedance (7) of any medium is

expressed as the ratio between the magnitude of the electric vector, E, and that of the

magnetic vector, H . This is given by

ohms

(II. 2-1)

where the electromagnetic characteristics of the propagating medium are given by its

permeability(v), permittivity(d , and conductivity(a) ; while the propagated ener_r

is expressed by

oJ = 2rtI

c
2zt_

h

(II-2-2)

Whenever the propagated energy passes across an interface between media of different

intrinsic impedance, a mismatch will exist and some energy will be reflected at the
interface, while the rest passes into the second medium.

The amplitude and phase of the reflected energy (R) will be related to the grazing angle
at the interface and to the intrinsic impedance of each medium, such that

i cSh sin _b a - (-fi2 _ cos 2 _ba) ½

R h e =

sin Ca + (_2 _ cos2 Ca) _
(ii. 2-3)

II. 2-4
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_2 sin Ca - (_2 _ cos2 ¢_)1¢v
R v e = (II. 2-4)

_2 sin ¢a + (_2 _ cos2 _a )½

for completely vertically polarized waves, where E is the index of refraction described

below, ¢ is the grazing angle (complement of the incidence angle), and 6 is the lag
angle due to reflection.

Refraction

As the propagated energy passes across the interface between two media,

its path direction will be shifted from the geometrical extrapolation of its direction in

the first medium. This change in direction is called refraction and is described by
Snell's Law. The index of refraction (n) of any medium is a measure of the amount of

shift that may be expected and is usually normalized in terms of the free space param-

eters, _o, %, and a o, such that

or

= (/l o%) /le - j

(II. 2 -5)

a 2

6i. - j

2 _ eo (II. 2-6a)

6

r I

where

rl,2

£:o

0 2

09

is the relative permittivity of the each medium with respect to

free space, equal to 1 when the medium is free space,

is the permittivity of free space = (36= x 104) -I

is the conductivity of the second medium in mks, and

is 2 =t, where f is the frequency of the propagated energy.

II. 2-5
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Now, the index of refraction for an interface between free space and the conductive

surface of the moon can be expressed by

° 2

_2 : _ - j18 ×10 3 _ (1-I.2-6b)
r2 F

rnc

er2 - j 60 a 22t (II.2-6c)

Dispersion

Electromagnetic energy normally travels away from a launching source

along radial lines. In the case of an isotropic source in free space, the field density

decreases as the square of the distance, measured in wavelengths, of the propagated

energy. This action is similar to the radial dispersion of light. However, when the

energy passes through the interface between the two media, the surface reflection will

introduce a diffusional effect, and the field will be a combination of both the direct and

indirect energy paths.

Diffraction

When electromagnetic energy is propagated in close proximity to an

"opaque" object, the normally expected shadow region will contain a penumbra instead

of a total shadow. The amplitude of the signal density within the penumbra is a function

of the angle of depression below grazing and of the electromagnetic composition of the

object. Many theories have been postulated to support this relationship, which can be

simplified into a descriptive definition.

It was pointed out that some of the incident energy is reflected at the media interface,

while the rest is passed across the interface. The ratio of reflected-to-passed energy

is dependent upon the index of refraction, which is a function of the surface conductivity

and relative permittivity, and the angle of incidence. From Equations (II. 2-3) or

(II. 2-4), it can be seen that the amplitude of the reflected signal becomes zero when

the numerator of the right-hand side becomes zero. For either horizontal or vertical

polarization, this takes place when n 2 is 1, and from Equation (H. 2-6), this would be

the case when _ equals ! and a equals 0.
r 2

-- 2 o

These conditions would be descriptive of a transparent body. As the value of n m-

creases, the body passes through translucency into opaqueness. Under any of these

conditions, the amount of incident energy which passes through the interface is given

by (1 - R). This energy is then refracted and if the body is not homogeneous, some will

be reflected at internal discontinuities. Some of this energy will approach the surface

at the critical angle and will be guided along the surface, even though it is not planar.

II. 2-6
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Thus, some of this energy will appear beyond the geometrical edge of the surface that

eclipses the radiant energy. This energy is called the diffraction field.

. Analytic Mete,ads for Evaluation of Lunar Fropagation

Determination of the signal levels anticipated at the receiver terminals is

dependent upon the development of a descriptive model for the propagation path across

the lunar surface. This problem has been investigated for many years in terms of the

description of terrestrial models. These models tend to characterize the propaga-

tional effects in terms of the paths over which the energy appears to have traveled.

Two such paths have been traditionally used as the major subdivisions, i.e., "sky"

and "ground" waves. Each of these have, in turn, separate subdivisions, but since

it is anticipated that the lunar environment is practically void of an atmosphere and of

an elevated ionosphere, only the major subdivisions of the latter are considered.

Ground waves are divided into "space" and "surface" waves. Space waves are those

whose propagation path remains totally within the first medium, while surface waves

are those which have negotiated the interface. Thus, the space waves are inclusive of

the direct and reflected paths and can be geometrically visualized (ray theory), while

the surface waves currently include all methods by which the energy is guided along the

surface at the interface.

Since these categories are divisions of convenience, it should not be assumed that the

fields are discrete. It is simply a fact that in certain regions, the field due to the space

wave is most predominant, while in others it is almost non-existent with respect to that

due to the surface wave. Thus, investigations have been performed to develop isolated

mathematical descriptions for each of these concepts. In developing these models,

certain assumptions have been made to minimize the complexity introduced by the

numerous parameters involved. The first of these assumptions has been homogeneity

for each medium on either side of the interface. The second is the assumption of a

smooth spherical surface in order that the effective radius of curvature can be expres-

sed in wavelengths at the operating frequency. This latter condition developed as the

_a,llf nf fh_ _,,_r_l,'ef'L_ of the ,r!2_fham_tln:_l _°x:'pv_.inn_, "in n_._.q.inff frnm _'h_ npti_

spectrum, where laboratory demonstration is convenient, to the radio frequency

spectrum, where laboratory standardization is different.

The present methods for computing the electromagnetic field at remote locations from

a transmitter, when a finitely conductive surface intervenes, are all related to the work

of Sommerfeld (Reference 1"). Although this solution (with subsequent modifications)

is applicable to the calculations for the SLRV, its mathematical complexity is not suit-

able for engineering analyses intended to locate a saddle point for many variables.

Sommerfeld's solution involves the series of zonal harmonics for which the convergence

*See paragraph 4. for References
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is extremely slow under certain conditions. Watson (Reference 2) developed a trans-

formation applicable to the series of zonal harmonics which provided more rapid

convergence. This method yielded a series of residues by the use of a complex integral

which introduced the application of both Bessel and Hankel functions as part of the

integration about the zeroes. More recently, the complexity of the solution was further

reduced by van der Pol and Bremmer (Reference 3 and 4) whose application was generally

limited to the operational considerations of the broadcase service and its hardware

characteristics. Since that time, many have approached the problem of simplifying

the calculations.

Analytic Approach

Of the methods available for conveniently calculating the propagation loss be-

tween antennas that are in close proximity to a finitely conductive surface, those de-

veloped by Bullington, Burrows, or Norton are most frequently referenced. Although

these have a common origin - (van der Pol and Bremmer (Reference 5) - they differ in

the degree of convenience. Bullington (Reference 6) developed a method utilizing a set

of nomographs, but the number of analytic parameters are limited to provide the

convenience. Burrows (Reference 7) developed a combination including both homographs

and graphical descriptions which are applicable to additional parameters. However,

both approaches tend to restrict their applicability to terrestrial-surface conditions.

In contrast, Norton (Reference 8) developed a set of normalized curves with wider ap-

plication. However, his method utilizes the overlay comparison to derive the varia-

tion of field intensity. Neither of these methods permit convenience in an anal_ical

evaluation wherein parametric trades are anticipated to determine performance under

preferred situations.

For the specific problem of propagating electromagnetic energy across the surface of

the moon, Vogler (Reference 9) has developed a set of curves which do not require the

overlay comparison. Unfortunately, the separation range covered by Vogler is beyond

the capability of SLRV, and the parametric selection did not consider weight and power

restrictions for an unmanned exploration.

Thus, the approach that was used for the SLRV is predominately a by-product of Norton,

with some of Vogler's techniques incorporated. The basis for this approach is the

recognition that the signal level at the input terminals of the receiver will be materially

affected by the introduction of a finitely conductive surface, such that the amount of

change can be compared to an unaffected path. Figure II. 2-1 presents the model for the

two conditions of propagation: free space and an intervening surface.

For the free space model of Figure II. 2-1, the propagating medium is considered to be

both homogeneous and nonconductive. For this case, the system transfer loss (_ _ys)is

II 2-8
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TR NSM TTE   ECE,VE  
(o) NO INTERVENING SURFACE (FREE SPACE)

(b) INTERVENING SURFACE

Figure II. 2-1. Propagation Path Model

defined as the ratio of the transmitter output power to the available signal power at the
receive terminals.

P____t
_sys _ '

P_ (II. 2-7)

which is a dimensionless number frequently expressed in decibels by the following:

L
sys = I0 loglo Pt - 10 loglo Pr

= Pt- Pr

(II.2-8)

Since the transmitter is not connected to the propagating medium in a loss-free manner,

some energy will be consumed in this transformation. An identical situation will exist

II. 2-9
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at the receiver. The radiated fields in the vicinity of each antenna can be expressed

in terms of these losses:

Pt = Pt - Lteed - LVSWR _ Gt (II.2-9a)
r

and

Pr• = Pr + Lfe_d + LVSWR - Gr (II.2-9b)

which, when inserted in Equation (II. 2-8), becomes

Lsys = Pt r - Pr_ + (L" + L")feed + (L" _ L")VSWR - (G t + G) (H. 2-10)

However, the transmission loss between isotropic antennas is given by

Ltrans -- Pt r - Prr - 20 lOglo(-_-- )

= 20 lOglo d m + 20 loglo Fmc - 27.552

(II. 2-ii)

which when substituted into Equation (II. 2-10) produces

L
Sys

= (L" + L")teed + (L" + L")VSWR - (G t _ G )

+ 20 loglo dm + 20 loglo Free
- 27.552

(II.2-12a)

or

Lsr s = Ltran s + C t + C r (II. 2-12b)

11.2-10
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Equation (II. 2-19}, the first two paths cancel, and the received signal energy is due to

the third term, such that, with Equation (II. 2-27b),

E
E °

CSo d

2[(p, b) e (II. 2-31)

or in an expression of a loss factor,

Ec% 2[(V. b) e = 2 A (II. 2-32)
E o d o

an evaluation of which is given in Figure II. 2-3, as derived from Norton (Reference 8).

When the antennas are elevated, the nulls of the first two terms of Equation (H. 2-19)

are no longer complete , and the field intensity will increase proportionally as long as the

third term is not materially affected. This increase in field intensity could be accc,n-

modated by the introduction of height-gain factors to Equation (II. 2-32) for each antenna.

Then,

E
CS o

- 2A [(q ) [(q )

E ° "d ° 1 2
(II. 2-33)

Height-gain functions have been evaluated by Norton (Reference 8) in terms of q, which

can be determined by Equation (!I. _ -22)_ _and are sho____ in Fi_J_re !!: 2-4: _The range of

the height values must be such that the value of 2A o is not materially affected. This

can be true only as long as 02 _d 2= o.

This means that d >>h

For conditions of surface electromagnetic properties found on Earth, the values of

iZl are relatively large. Thus, for the elevated-antenna and planar-surface condition,

the value of p obtained from Equation (II. 2-21), using r 2 = d and the values ofq from

Equation (17.2-22) will be found to coincide with the linear portions of the curves in

Figures II.2-3 and II. 2-4. When the value ofp is greater than 50, the value ofA o is

II. 2-17
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found to be I 2 p Similarly, for the values of q greater than 20, the value of t(q) q

When these are introduced into Equation ([I. 1-3),

CS

o 2E d
0 ,

(II. 2-34a)

;::I 2

-- 7":
A

4rrh 1 h 2

Ad
(II. 2 -34b)

which is the basis for the nomographs developed by Bullington. ttowever, the lunar-

surface parameters are such that the antennas under consideration in this analysis

would have mean values which range from 0.1 to l. 0 of Bullington's minimum effective

values. The error introduced by use of his nomographs would fall within the 3- to 5-db

range.

When the value of _t h, the spherical surface can no longer be apt)roximated by a flat

plane. However, another corrective factor could be introduced into Equation (II. 2-3) to

compensate for the dispersive losses introduced.

E
CS

o 2 a ° f(q_) l(q2 ) /:d :_) (II. 2-35)E
0

The shadow factor, f (do). is thus the correction that could be introduced by the

dispersion factor, D, which would be introduced as D/_ in place of /_in Equation (II. 2-19).

The actual value of /) is a function of the radius of curvature, antenna heights, total

distance, and distance to the reflection point. However, the antenna height in this case

is the effective height above a reference plane at the point of reflection, such that

the computation of the divergence factor is accomplished by a simultaneous covergence

of the selected distance to the reflection point in relationship to the effective antenna

height.

In an attempt to avoid this laborious calculation, the technique for computing the

shadow factor as presented by Burrows was used. In this ease, the effects of the sur-

face electromagnetic properties are only approximated, but since the maximum shad-

ow loss in the range of interest only amounted to about 1.3 db, any errors are considere(t

to be insignificant. Burrows' shadow-factor curve is shown in Figure II. 2-5, from

which it is seen that the angular distance represented by 3200 meters on the moon is

highly insignificant. Actually, over this distance the surface bulge of a smooth sphere

II.2-20
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Figure II. 2-5. Shadow Factor Loss Due to Spherical Surface

is of the order of 3 meters. It is actually expected that the terrain will produce greater

bulges and will be the most predominant factor for the non-planar condition. Under

these conditions, Equation (II. 2-35) could be expressed as

Ecs

A =o = 2 A f(ql) f(q2) f(d/a) f(H/d')
E o Jd o

(II. 2-36}

Now Equation (II. 2-36) can be inserted into Equation (II. 2-13c), such that

L
sy8 = Lsy s + M+20 logxo[2 A ° f(ql) f(q2 ) f(d,a) f(H d)]

=Lsy s + M+6.02+ 201Oglo A o * F(qi)÷ F(q 2)

+ F(d/a) + F (H/d')

(II. 2-37a,

(H. 2-37b

which can be combined with Equation (H. 2-12b), and by rearrangement, becomes

L
sys = C t + C r + 6.02_ F(ql) +,F(q2) ÷ F (H d')

+ F (d,'a) + 20 Ioglo A ° , Ltrc, ns

(II. 2-38)
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Equation (II. 2-38) presents the propagation losses which can determine the carrier

power level at the receiver terminals in terms of the transmitter power output,

through application of Equation (II. 2-7) or (II. 2-8). However, this is still not a con-

venient factor for performance evaluation. The performance of a communication link

is actually dependent upon the quality of the receiver output. This, however, is a func-
tion of the ratio of the receiver input carrier-to-noise power ratio. If the noise power

remained constant over the frequency spectrum being investigated, the system loss

would be the criterion for evaluation. Since this is not the case, the noise aspect must

be investigated.

The input carrier-to-noise ratio at the receiver terminals is a figure of merit which

can be expressed by

or in decibels,

(_-/ - P_ P r (II. 2-39)in k te bw In k t o bw fb

C] = P -K- To- BW- Fb
in

(II.2-40a)

When Equation (II.2-40a) is normalized for a transmitter power output of 1 watt and a

receiver predetection-bandwidth of 1 kilocycle per second, then, by applying Equation

(II. 2-8),

=- Lsy s + 204-30- F b = 174- Lsrs- Fb
in

(II.2-40b)

However, F b is frequency sensitive and contains F n . Figure II.2-6 demonstrates the
sensitivity ofF for eertain vacuum tubes. Although these tubes would not necessarily

be used for this applieation, it is expected that the actual noise figure for the receiver
will be close to that for the 6J4 tube when referenced to a test temperature of 288.39

degrees K.

The value of Fb can be obtained by the process given by Vogler;

fb = re--l+ /c + _c(ft-I)+ _t (fn-1)
(II. 2-41)
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Figure II. 2-6. Typical Noise Figure of Vacuum Tubes

The values of Fe = 10 log loi can be obtained by the relationship of P_ = 10/oglo ktbbw '

for which the values of tb are shown in Figure II. 2-7. Then, by use of the following

relationships,

ic = 1 + (,_ -1) (t/t o) (II. 2-42)

t t =1 + ( "_t -1)(tJto)
(II.2-43)

which, when introduced into equation .(iI. 2-41)

f b = I + (_c - 1)(t/t)+ l c (it- I) (tt/t o) + _t _.t (in - 1)
(II.2-44a)

when the value of t = t t = 463 degrees K, and t o = 288.39 degrees K, Equation (II. 2-44a)
reduces to

fb = [e + ,_l t (In + 0.6) - 1.6
(II. 2-44b)

To evaluate this, it is necessary to at least approximate the loss characteristics of the

antenna, feedline, multiplexer, and connectors.

II. 2-23
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Now, Equations (]l, 2-38) and (II. 2-40e) can be combined to give

[-'_] ln= I74+{[(Ct+ Cr) + 6"02+F(ql) + F(q 2) - Fb]- F (H_/d')

(II.2-45)

- IF(d/a) _ 20 lOglo A o + Ltran s] } - M

with the composite lunar-propagation losses exemplified by the quantity in the braces,

and tabulated in Table IT. 2 -1. The value of Equation (It 2-45) is plotted in Figure

II. 2-8 with no margin and for the specific antenna heights of h i = 15 meters and

h 2 = 3.75 meters, and F (H/d') = 0, the condition for smooth terrain.

The results of the propagation analyses indicate a frequency reference in the region

of 140 megacycles per second for the smooth terrain condition. Now, it is necessary

to consider variations in surface contour and antenna heights.

To determine the diffraction loss due to terrain irregularity, F (H/d'), a simplified

technique utilizing a nomograph from Bullington (Reference 6) was adopted and is

shown in Figure If. 2-9. Although the derivation of this nomograph has not been veri-

fied, it is assumed that the derivation is related to optical considerations which do not

account for the surface constituency. However, typical values are given in Table

II. 2-i for a particular type of hill.

II. 2-24
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Figure II. 2-8. Lunar Propagation Performance (smooth terrain)
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Variations in height gain for the antennas are shown in Figures II.2-10 and II. 2-11,

where the latter is applicable to the 150-Mc frequency only. However, a change in

antenna height is obtained only by changing the length of the feedlines, which affects

the values of_t in Equation (I[. -41), and the value of L feed in Equation (H.2-12a).

Since these are physical values, they cannot be introduced until the antenna charac-

teristics are fully determined.

Finally, it is difficult to determine the value to be assigned for M, due to the statisti-

cal nature of the variables it should cover. The tolerances to be allocated for M re-

quires additional analysis.
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Figure II.2-10. Height Gain Variations Horizontal Polarization
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Glossary of Terms

a - mean equatorial radius of curvature for

the spherical surface (1,738 kilometers

for the moon)

A - propagation-loss factor introduced by the

interposition of a finitely conductive,
spherical surface

A o - propagation-loss factor introduced by the

interposition of a finitely conductive,

planar surface

b - approximate angular relationship for the

surface dissipation factor applicable to

zero-height antennas

b,. - angular relationship for vertically polar-
ized antennas

b h - angular relationship for horizontally
polarized antennas

bw - predetection bandwidth, of the receiver

(cycles per second)

B - same as b except for finite antenna

heights

BW - 1O log, o bw

c - velocity of propagation of electromag-

netic energy in free space (2.99793 x 108

meters per second)

.

67D, no. 1, pp. 5-21, Jan.-Feb. (1963)

Equation (H. 2-35)

Equation (H. 2-14)

Equation (II.2-32)

Equation (II. 2-20)

Equation (II. 2-29a

Equation (II. 2-29b

Equation (H. 2-39)

Equation (H. 2-1Sb)

Equation (II. 2 -40a)

Equation (II. 2-2)
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r,t composite gain and loss figure for the
antenna in the radial direction of interest

with respect to the receiver (transmitter)
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Equation (II. 2-12b)

d !

E

E
CS

_cs °

E
Is

E
o

E
rrl,2,3

E
t r

E
tr a

carrier-to-noise ratio at the input ter-
minals of the receiver

10 log, o (C/N)i,

separation between antennas measured

along the reference surface (meters)

separation between the antenna and the

peak of a terrain obstacle; measured

along the reference surface

intensity of the electric component of

the Poynting vector

electric-field intensity when a conduc-

tive surface is interposed

electric-field intensity due only to sur-

face-wave propagation

electric-field intensity under free-space
conditions

electric-fieldintensityat a unit distance

from the antenna

electric-field intensity due to propaga-

tion along path 1 (2 or 3)

- effective radiated-field intensity at the

transmitting antenna

- effective radiated-field intensity along

a radial from the transmitting antemm

- rate of sinusoidal alternative of the

electric field as it passes a given point

(cycles per second)

Equation (H. 2-39)

Equation (H. 2-40a)

Equation (II.2-11)

Figure (II.2-9)

Equation (If.2-1)

Equation (II.2-14)

Equation (II. 2-31)

Equation (If.2-14)

Equation (H. 2-16c)

Equation (II. 2-16),

(H. 1-17), (II.2-18)

Equation (II. 2-15)

Equation (II. 2-15)

Equation (II. 2-2)

II. 2-31



G M DEFENSE RESEARCH LABORATORIES _ GENERAL MOTORS CORPORATIO

TR64-26

fb noise factor for the composite noise

background

fc - noise factor for the circuit elements of

the receiving antenna

fe noise factor for the portion of the back-

ground noise that is external to the

antenna

fn noise factor for the portion of the back-

ground noise that is internal to the re-

ceiver

ft noise factor for the transmission facili-

ties between the receiver and the antenna

elements

f(d/a) - shadow loss factor due to spherical
surface

f(H/d') - diffraction loss factor due to surface

perturbations

f(ql ,2) - height gain factor due to non-zero an-

tenna heights

Fb - 10 loglo fb

- 10 log 10 fe

Fc - value of f expressed in megacycles
per second

F(d/a) - 10 log10 f (d/a)

F(H/d') - 10 loglo f (H/d')

F(ql. 2) - 101ogl0 f(ql.2)

Gr, t directionality gain of the receiving

(transmitting) antenna in the equatorial

plane (decibels)

Equation (II. 2-39a)

Equation (II. 2-42)

Equation (II. 2-41)

Equation (II. 2-39)

Equation (II. 2-43)

Equation (II. 2-35)

Equation (II. 2-36)

Equation (II. 2-33)

Equation (II. 2-4 0a)

Equation (II, 2-11)

Equation (II. 2-37b)

Equation (II. 2-37b)

Equation (II. 2--37b)

Equation (H. 2-9)
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physical height of the maximum current

position of the antenna with respect to the

reference plane (meters)

physical height of the terrain obstacle

above the plane referencing the antenna

heights

intensity of the magnetic component of the

Poynting vector

term of a series

imaginary designator ( v-_-T )

Boltzmann's constant (1.38 x 10

joules / °K)

-23

10 log 10 k

loss factor for the circuit elements of the

receiving antenna

loss factor for the transmission facilities

between the receiver and the antenna

ele ments

loss factor for the transmission path

between transmitting and receiving
antennas

loss figure for the transmission facilities
between the transmitter and the antenna

10 log 1o,_t

loss figure for the system between the

transponder and receiver terminals

under free-space conditions (decibels)

loss figure for the system between the

transmitter and receiver terminals when

a conductive surface is interposed

(decibels)

loss figure due to impedance mismatch

between the transmitter and the propaga-

ting m _dium (decibels)
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Equation (II. 2-22)

Equation (II. 2-36)

Equation (H. 2-1)

Equation (II. 2-18a)

Equation (II. 2-1)

Equation (H. 2- 39)

Equation (H. 2-_0)

Equation (H. 2-41)

Equation (II. 2 -41)

Equation (II. 2-7)

Equation (II. 2-9b)

Equation (II. 2-8)

Equation (II. 2-13a)

Equation (If. 2-9a)
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loss figure due to impedance mismatch

between the propagating medium and the

receiver (decibels)

M - safety figure to accommodate statistical

variation (decibels)

- index of refraction at the interface be-

tween two media

- a "numerical" distance for normalizing

to zero height antennas

- available signal power at the rece:ver

terminals (watts)

Pt - available signal power at the trnn_mitter

terminals (watts)

P - a "numerical" distance for non-zero an-

tenna heights

- 101Og,op_

P
t

- i0 log P t
10

l_r F
- available radiated signal power at the

receiving antenna (watts)

l_t r
- available radiated signal power at the

transmitting antenna (watts)

ql,2 - a '_umerical" height for non-zero height

transmitting (receiving) antenna

ri,2 - propagation distance for the direct

(indirect) path

R
v_h

ratio of the amplitude of the reflected

energy to the incident energy for vertical

(horizontal) polarization

- vector ratio of the reflected energy to the
incident energy ( = Re;_)

Equation (II. 2-9b)

Equation (II. 2-13c)

Equation (II. 2-3)

Equation (H. 2-21)

Equation (II.2-7)

Equation (II. 2-7)

Equation (H. 2-18b)

Equation (H. 2-8)

Equation (II. 2-8)

Equation (II. 2-9b)

Equation (II. 2-9a)

Equation (II. 2-22)

Equation (II. 2-16a)

(If.1-17a)

Equation (H. 2-3)

(II. 1--4)

Equation (H. 2-20)
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ambient background noise temperature

(°Kelvin)

reference noise temperature (288.39°K)

10 log , o to

numerical function of the surface elec-

tromagnetic properties for vertical

(horizontal) polarization

phase relationship of the carrier

frequency at the reference time

incremental change of loss elements

due to the proximity of the conducting
surface

medium relative permittivity

complex dielectric factor for an electric

(magnetic) moment

- permittivity of free space (36 _ x l0 s )"

- complex dielectric constant for the

specific medium

- relative permittivity of each medium

at the interface with respect to free space

- intrinsic impedance of the medium

- residual phase delay due to propagation

along the interface of the two media

- physical distance separating phase fronts

of 2. radians differential (meters)

- relative permeability of the medium with

respect to free space

- the time taken for a simple harmonic

motion to reach its opposite extreme

position (3. 14159 ..... )
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TR64-26

Equation (II. 2-39)

Equation (H. 2-23)

Equation (II. 2-16a)

Equation (H. 2-13a)

Equation (II. 2-1)

Equation (II.2-24)

(H. 2-25)

Equation (II. 2-5)

Equation (II. 2- 26)

Equation (II. 2-6a)

'_..n'lT_'l-i_n t'rl" o. 1_

Equation (II. 2-18)

Equation (IL 2-2)

Equation (II. 2-1)

Equation (1I. 2-2)
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- conductivity of any medium (mho/meter) Equation (II. 2-1)

O o
- conductivity of free space Equation (II. 2-5)

- conductivity of the reflective surface

(mho/mtr) Equation (II. 2-6a)

(_v,h
phase delay at the interface due to re-

flection for a vertical (horizontal) inci-
dent wave Equation (II.2-3)

(II.2-4)

_/Ef - angular relation of the radial propagation

direction in the elevation plane Equation (H. 2-3)

_1,2

o9

angular relation for the direct (indirect)

path

angular rate of rotation of the carrier

(radians/second)

Equation (II.2-16a)

(II.-17a)

Equation (II. 2-1)

to - equivalent noise temperature (°Kelvin) Equation (H. 2-39)

H. 2-36
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ANALYSIS OF DIRECT SLRV-TO-EARTH AND EARTH-TO-SLRV COMMUNICATIONS
LINKS

1. Introduction

This discussion is primarily an analysis of the direct SLRV-to-Earth com-

munications link, to determine the gain required for S-band antenna to be placed on

SLRV, assuming the SLRV S-L_nd transmitter has a power output of 2.5 watts. This

x-alue of 2.5 watts is selected as the maximum that could be tolerated from a primary
power and weight standpoint.

. SLRV-to-Earth Link Analysis

Since the Earth DSIF sites may consist of 85-foot-diameter antennas and para-

metric amplifier combinations (Canberra and Johannesburg), as well as a 210-foot-
antenna and maser combination (Goldstone), both cases have been considered in this

analysis.

Power Gain and Pointing Loss for DSIF Antennas

The key references used for review of these parameters were:

(1) JPL Space Program Summary 37-19, Vol. III, dated January 1963,
titled ' _)SI F".

(2) JPL Technical Report 32-260, dated July 1962, titled "Constraints

in Space Telecommunication Systems. "

Reference (1) presents a plot of power gain as a function of surface error for both

85-foot and 210-foot antennas as Figure 1 on page 38 for 2300 Mc and aperture effi-

ciency of 0° 75. Reference (2) plots power gain as a function of frequency for 85-foot
and 250-foot antennas for rms-surface-error-to-diameter ratios of 1.5 x 10 4 and

.......................... fi_m2.5 x _, . _n_ _urw ,u, a _:u-,uur m_L_n_ was added to this re, as weii as

the comparisons of Table If. 2-2, observed for the 2300-Mc case°

Accordingly, these references agree within about 0.5 db for the 85-foot case and 1.4

db for the 210-foot case. These _lues are close enough so it can be argued that the

curves should coincide and the differences noted are due to drafting or printing errors.
The most significant difference between the two references is cont_ined in the follow-

ing quotes.

SPS 37-19 states: "It is still considered that the rms surface error for Precision 1 en-

vironment should not be allowed to exceed 0.25 inches" (The Precision 1 environment

refers to level of wind velocity). Using this 0.25-inch value with Figure 1 of 37-19
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TABLE II. 2-2

COMPARISON OF P-kIL,\METERS FOR AN 85-FOOT DISH ANTENNA

AND A 210-FOOT DISH ANTENNA, BOTtI AT 2300 MC

Antenna

85-foot Dish

210-foot Dish

RMS Surface Error

to Diameter Ratio

1.5 x 10.4

2.5x 10 .4

1.5 x 10.4

20 5 x 10 4

RMS Surface Error

(inches)

0.153

0.255

O. 378

O. 630

Gain (db) from Reference

SPS 37-19

54

53

59

51.4

TR 32-260

53.6

52.4

57.6

50.0

results in gains of 53 db for the 85-foot dish and 61 db for the 210-foot dish. Note,

the 0o 25 inch implies a distortion/diameter ratio of 9.9 x 10 _ for the 210-foot dish.

In contrast, TR 32-60 states: ". .... a practical gain limit of approximately 60 db is

reached due to these factors". (These factors include distortions due to wind and

thcrmal loads, plus gravitational variations across the surface of the dish as it is

moved to different positions.)

Even if the more optimistic value of 0.25 inch rms distortion is used, it should be

noted that this relates to a 68% probability value (assuming a Gaussian distribution of

surface irregularities). This can be restated to say that there is a probability of only

0. 68 that the surface error will not exceed this 1 a (or rms) distortion value. Simi-

larly, the probability that the gain will be maintained at 61 db is only 0.68. If it is

desirable to use a value of gain which will be met or exceeded with a probability of

0.90, a distortion value of 1.65 o, or 0.41-inch, should be used; this corresponds to

gains of 58.3 db for the 210-foot dish and 50.4 db for the 85-foot dish. The 59-db

value used in the previous analysis corresponds to a surface error (from SPS 37-19)

of 0. 378 inch or 1.51 ,_ and is equivalent to an 87% probability level. Figure II. 2-12

depicts the data discussed.

P_tsed on the foregoing discussion, it is recommended that the set of gain values given

in Table II. 2-3 be used (these are essentially those of SPS 37-19).
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Figure II. 2-12. Paltenna Gain vs. Surface Deformations
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TABLE II. 2-3

RECOMMENDED SET OF GAIN VALUES FOR USE WITH

85-FOOT AND 210-FOOT DIAMETER DISH ANTENNAS

Probability that Value of
Gain will be Achieved

50% (Mean)

68% (1")*

80% (1. 3a)

90% (1.65,)

95% (2-)

Corresponding Values of Gain (db)

85-foot Diameter

Dish Antenna

54.6

53.0

52°0

50.3

48.0

210-foot Diameter

Dish Antenna

62.6

61.0

60.0

58.3

56.0

*Equivalent to 0. 25-inch surface irregularity

Separation of the SLRV and Surveyor vehicles on the surface of the moon is so small

relative to the Earth-Moon range that these vehicles may be considered as one point

within the 0.5 ° angle subtended by the moon as viewed from the earth. If gain values

of 59 db and 51 db, respectively, are used for the 210-foot and 85-foot cases (prob-

ability between 80 and 90%), these correspond to 1-db beamwidths of 0.12 ° and 0.30 ° ,

using the basic 0.75 aperture efficiency value of SPS 37-19. From JPL Surveyor

Project Control Document #6, 'Surveyor Spacecraft/DSIF System Interface Require-

ments", July "63, the 1 - tracking accuracy anticipated for the 85-foot dish antenna

is 0. 14°. Assuming the same relationship-to-beamwidth can be achieved for the

210-foot unit, the pointing error losses would be as given in Table II. 2-4.

TABLE II. 2-4

COMPARISON OF POINTING LOSS OF ANTENNAS FOR

VARIOUS DESIRED PERFORMANCE PROBABILITY LEVELS

Desired Performance Corresponding Pointing Loss (db)

Probability Level for Either Antenna

68% (1 -)

80% (1.3-)

90% (1.65-)

95% (2 ,7)

0. 12 db

0. 22 db

0.42 db

0. 80 db
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Receiving System Totnl Effective Noise Temperature
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The key references used in review of this T e parameter were as follows.

(1) JPL "Telecommunication Design Control Tables for Surveyor",

dated Oct. 7, 1963.

(2) JPL Surveyor Project Control Document #6 "Surveyor Spacecraft/

DSIF System Interface Requirements" dated July 29, 1963.

(3) '_Introduetion to Radar Systems" McGraw ttill text authored by

M.I. Skalnik.

A review of the data contained in the first two references plus calculations performed

per the approaches given in the third reference have resulted in the selection of the

following total system effective temperatures°

For GoIdstone, where the use of a 210-foot dish antenna with a traveling-wave maser

'_ront end" and parametric mLxer is expected, the Te should be 165°K (mean), with a

standard deviation value of 27 °K. This is based on the following.

Mean Temperature 1 a Value

Maser plus circuit losses

Antenna temperature (full

3-db beamwidth pointed

at moon)

55°K 10°K

ll0°K 25°K

This results in the total mean temperature of 165°K with % = _ _2(s.2 or 27_'K.

For the Canberra and Johannesburg sites, where the 85-foot dish antenna will be em-

ployed, none of the documents reviewed clarifies whether a maser or parametric

amplifier will be used as the RF amplifier. Accordingly, both eases have been in-

eluded in the toiiowing itnk analysis. The appropriate T_ values are as follows.

Maser RF Amplifier:

The value of T_ here is the same as the value of T_ for the 210-foot case previously

discussed, because the entire beamwidth of interest will be pointed at the moon.

Parametric RF Amplifier:

The value of T in this case will be 380°K with a l(r value of 56°K based on the

following data.
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Parametric Amplifier plus losses

Antenna Temperature

Mean Temperature 1 '_ Value

270°K 50°K

110°K 25°K

Summarizing these data and considering the different probability levels used previously

results in the data given in Table II. 2-5.

TABLE II. 2-5

SUMMARY OF PARAMETER DATA FOR TOTAL

EFFECTIVE NOISE TEMPERATURE

Desired Performance

Probability Level

50% (mean)

68% (1 o)
80% (1.3 a)

90% (1.65 _)
95% (2 ,_)

T e or Total

Receiving System

Effective Noise Temp (°K)

Maser Paramp

165 380

192 436

200 453

210 473

219 492

Corresponding Noise

Figure (db) Related to
290°K

Maser Paramp

2.0 3.6

2.2 4.0

2.3 4.1

2.4 4.2

2.5 4.3

DSIF Predetection Bandwidth Compatibility

Standard predetection bandwidths to be provided at the DSIF sites for

the Surveyor program are 3.3 Mc (3 db), 20 kc (1 db) and 4.4 kc (1 db). Switching

between such bandwidths will be accomplished by a CDC operator; the switching time

is 10 seconds. The 3. 3-Mc bandwidth is appropriate for a 220-kc video bandwidth

case, with a modulation index of 3. However, this bandwidth becomes excessive

when considering TV video bandwidths in the 20-kc to 80-kc realm. The IF band-

widths of 20-kc and 4.4-kc are obviously too narrow for video information. Ac-

cordingly, at least one additional IF would have to be provided if a direct SLRV-

to-Earth TV link were included in the final SLRV configuration. (Other new IF's

may also be necessary for the DIBSI and telemetry data, but these are not con-

sidered here).

This analysis includes the following assumptions which are based on the latest analyses

on phase-lock demodulation requirements and TV quality.
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(1) The carrier-to-noise ratio (C/N) threshold in a closed-loop noise

bandwidth, BN, is assumed to be 2.3 db, to meet a lock-threshold

mean-square phase-error of 0.5 rad 2, with a lock-loss probability

of about 5 x 10 _ For lock-loss probabilities of 10 _ and 10 .4 ,

the CNR's would have to be 3 db and 4.6 db, respectively.

(2) The SLRV S-band transmitter high-level power output is assumed

to be kept at 2.5 watts because of the significant saving in weight

and primary power, as contrasted to a 5-watt requirement. (A

2.5-watt unit weighs 4.7 lbs. and requires 25-watts of input power,

as contrasted to 9 ibs. and 60 watts for the 5-watt unit). The power

level out of the diplexer is assumed to be 2.0 watts.

(3) The DSIF FM demodulator video signal-to-noise ratio (S/N) is

assumed to be no less than 27 db (rms/rms); this corresponds to

36 db (p-p/rms) and 24 db (pp/pp), where a crest factor of 4 is

used for the latter figure. These values refer to the communica-

tions subsystem only, and do not include the consideration of noise

in the TV camera and electronics.

(4) Other link parameters are:

• SLRV Antenna: Gain is to be calculated; Polarization is circular.

• Video Bandwidth: Range of 20-kc to 80-kc

• Carrier Frequency: 2295 Mc

• Modulation: FM

• Demodulation: Modulation tracking phase-lock-loop demodula-

tion.

• Space loss: 211.6 db

• Other fixed losses 2 db, with i a value of 0.5 db. (Items in-

cluded here are microwave antenna cable loss at SLRV, point-

_n_ nf _T I_V _nt_nna. and eQuioment degradation. )
_A b _ _ ........ • _ - _

• Video signal sync-tip energy loss: 2 db

• DSIF antenna gain and pointing loss plus receiving system

effective noise temperature: per previous discussion.

• Performance probability levels to be considered: 68% (1 G),

80% (1.3 a), and 90% (1.65 -). The totaldb margins, as

contrasted to the mean (50%) level required for these levels

are given in Table H. 2-6.
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TABLE Iio 2-6

TOTAL MARGINS (DB) FOR PERFORMANCE PROBABILITY

LEVELS OF 68%, 80%, AND 90%

CO R PO RATIO

Parameter

Antenna Gain

Pointing Error

Noise Temperature:

Maser

Paramp

Other Losses

Over-all Margin*

Margins tdb) required for suited

performance probability levels

68%

1.60

O. 12

O.20

0.40

O. 50

1.70

80 ,q

2.60

0. 22

0.30

0.50

0.65

2.70

*Over-all margin calculated as square root of sum of squares, with av-

erage values of 0. 3 db (68%), 0.4 db (80%) and 0.5 db (90%) for maser-

paramp nois e-figure variations.

9_

4.30

0.42

0.40

0.60

0.83

4.40

To achieve a 27-db (rms/rms) (S/N) for the video output, Robinson shows the follow-

ing phase-lock-loop parameters and modulation index.

or

1
BN = IO

2 fm

BN 20 [m

B ° = 1.06 B N = 21.2 I m

m : 3.8 and (SNR)B N - 2.3 dh

Therefore, if the range from 20 ke to 80-kc is considered for video bandwidths, the

range of B is from 400-kc to 1.6-Mc.
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The tabulation of link parameters is as shown in Table II. 2-7 for the specific eases of

20-kc, 40-kc and 80-kc video bandwidths. It should be noted that a 90% performance

level can be achieved with an SLRV antenna gain of only 12.3 db, in the case of the 80-

kc bandwidth, the 210-foot antenna, and a maser RF amplifier. However, this SLRV

antenna gain requirement increases to 23.9 db for the 85-foot antenna with pream-

plifier installations. Figure II. 2-13 is a plot of the results given in Table II. 2-7 for

masers only.

If a value of P] (lock-loss) of 10 4 were required, the antenna gain values would have
to be increased by 2.3 db. Further, if it is desirable to consider the initial 220-kc

video bandwidth ease, the antenna gains given would have to be increased 4.4 db over

the 80-ke values, 7.4 db over the 40-kc values, and 10.4 db over the 20-kc values.

Section E of this appendix contains a discussion of the weight and power requirements

associated with antennas (and their drive systems) of gains comparable to those given in

Table II. 2-7_ Physical characteristics for the over-all S-band configuration on SLRV

(to provide direct Earth-to-SLRV-to-Earth communication are summarized in Section

F. The data presented were compared with the data on the other subsystems on SLRV

and the results indicated that the direct communications link should be rejected for the

100-pound SLRV.

. Direct Earth-to-SkRV Link Analysis

This link need be discussed only briefly due to the narrow bandwidth associated

with commands, and the high DSIF transmitter powers available. Let us assume the

following set of parameters and solve for the receiver IF bandwidth that could be accom-
modated for commands.

Transmitter Power Output

Frequency

Modulation

DSIF Antenna Gain (_5 ft)

Receiver Noise Figure

Noise Temperature (Excluding Receiver)

Receiver CNR required in IF bandwidth

for phase-lock receiver

Space losses

SLRV antenna gain

Other Losses

100 watts

2115 mc/s

PM

50 db

13 db

200 ° K

6 db

211 db

0 db

4db
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TABLE II. 2- 7

CORPORATIO

LINK PERFOR_¥L\NCE SUMMARY FOR THE DIRECT SLRV-TO-EARTtt

COMMUNICATIONS LINK

Parameter

Mean Value - DSIF Antenna Gain

Mean Effective Noise Temperature

S-Band Xmtr. Output (Incl.

Diplexer Loss)

Space Loss

Loop Noise Bandwidth, B N

Required Threshold in B N

(10 .2 < P_ '. I0 .3 )

Receiver Noise Spectral

Density (kT)

Receiver Noise (kTB N for 80-kc [m case)

Required Input Signal Power

(80-kc case)

Other I,osses

(1) Video Syne. Tip

(2) Cabling, SLRV antenna pointing

(3) Statistical Margin (Pre-

dominantly DSIF Antenna at:

68% Performance Level

80% Performance Level

90% Performance Level

Required SLRV Antenna Gain at:

80 kc

68% Performance Level

80% Performance Level

90% Performance Level

40 kc

68% Performance Level

80% Performance Level

90% Performance Level

20 kc

68% Performance Level

80% Performance Level

90% Performance Level

85-Foot Dish Antenna

Maser

54.6 db

165°K

3.0 dbw

211.6 db

Paramp

54.6 db

380 °K

3.0 dbw

211.6 db
I

2O fm

2.3rib

-206.4 dbw/cps

-144.4 dbw

-142.1 dbw

2.0db

2.0db

1.7db

2.7db

4.4db

17.6 db

18.6 db

20.3 db

14.6 db

15.6 db

17.3 db

11.6 db

12.6 db

14.3 db

20 fm

2.3 db

-202.8 dbw/cps

-140.8 dbw

-138.5 dbw

2.0db

2.0db

1.7db

2.7db

4.4db

21.2 db

22.2 db

23.9 db

18.2 db

19.2 db

20.9 db

15.2 db

16.2 db

17.9 db

210- Foot Dish

Antenna

Maser Only

62. (; db

165°K

3.0 dbw

211.6 db

20 fm

2.3db

-206.4 dbw/cps

-144.4 dbw

-142. 1 dbw

2.0db

2.0db

1.7 db

2. ,, ,i+_

t. "} '!¢_

9, r ,!i)

10.6 db

12.3 db

6.6db

7.6 db

9.3 db

3.6 db

4.6 db

6.3db
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15 / _ __..._ _L_.BSFT ANTENNA

AND MASER

I0

5 _/_/.,_"_"'/__ AND MASER
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I0 20 30 40 50 60 70 80 90 IO0

VIDEO BANDWIDTH (KC)

Figure II. 2-13. SLRV Antenna Gain vs Video Bandwidth (Direct SLRV/Earth Link)

These parameters result in an IF bandwidth of about 16-kc, adequate for the anticipated

command data which consists of split-phase RZ 48 bits/second digital data, carried

on a 2.3-kc subcarrier. Use of narrow post-detection filters for the 48-bit/second

data will provide commands with a bit-error probability of less than 10 6 Reserve

power (up to 10 kw) could be employed at the DSIF transmitter site if desired to pro-
vide greater margin.

II. 2-47



GM DEFENSE RESEARCH LABORATORIES _ GENERAL MOTORS CORPORATIO

TR64-26

C. MODULATION AND DEMODULATION INVESTIGATIONS

lo Surveyor-to-SLRV Commands

The Surveyor-to-SLRV link sends a 2.3-kc subcarrier frequency-modulated by

48 bits per second, bi-phase data. This quasi return-to-zero (RZ) data requires twice

the bandwidth of non-return-to-zero data. The 48-bit-per-second data rate, with a

3rd-harmonic recovery of the bit-cycle frequency, would require the output low-pass

filter to have a 48 x 3 = 144-cps cutoff frequency.

Because Surveyor uses standard IRIG FM-FM channel assignments, the 2.3-kc oscil-

lator may be limited to the standard _-173-cps deviation, with a modulation index of

5, and a bandwidth limitation on the subcarrier of only about -_200 cps. A 35-cps re-

sponse is standard for the 2.3-kc subcarrier, but this may be increased by reducing

the deviation. The distortion may be held to a low value ifthe sum of the deviation

and the frequency response does not exceed 200 cps. Ifthe 144-0p6 response noted

above Istreedfor recovering the third harmonic, then the deviation would be only 5{}

cps. This is inefficientfor FM-FM modulation; thus, only the fundamental of the 48-

blt-per-second data rate willbe recovered. This allows a 200.-48 = 152-cps deviation,

with a modulation index of 3. Following optimum-detection procedures, a 72=cps,

low-pass filterwillbe required on the output.

From Fig.II. 2-14, a bit-error probabilityof I0"s , for standard frequency modulation

with a modulation index of 3, requires an E/N o ratio of 19 db. This is equivalent to

a carrier-to-noise (C/N) ratio in the subcarrier passband of 400 cps. Thus,

(C/N)$c = (E/No)/BT

Then .^ ,200
(C/N)s c = _u/_-.- = 40

= 16db

This is derived with a carrier deviation by the 2.3 kc from the relation that (see
Equation H. 2-46.

(Db) (BJt_ (C/N)
it

where, (C/N)l t applies to the VHF-FM receiver IF in the SLRV. The receiver IF (Blt)
must also be wide enough to Include the oscillator instability in both the transmitter and
the receiver, each of • 0. 005%. At 150 Me, this amounts to a total of + 15 kc in the
receiver IF.
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Measured Performance of FSK-FM Dual Filter Limiter

Discriminator as a Detection Method

It can be shown that for an optimum system with a limiter-discriminator detector,

B_ = 2(D b + fi)" A modulation index (m = Db/fo) to make best use of the bandwidth imposed

by 7p500 cps for f_ would be about 4, which determines /9b = 4(2.5) = I0 kc.

Then,

Bjf = 2fi0+ 15)=50kc

and

50
(C/N),, c = 20 log 4 + 10 log-_ + (C/lV)i t

with a (C/N)jf = 12 db,

(C/N)sc = 12 + 18.0+ 12 = 42 db

This is far in excess of the required 16 db derived above. By lowering the deviation

to about 2 kc to provide 16 db, the receiver IF is lowered to 2(2 + 15) = 34 kc , or

2/3 the value of 50 kc used above. About 3 db less transmitter power will be per-
missable.
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Mod. Index

4

1

SLRY-to-Surveyor Telemetry

B_f (kc) (c/;v)_t (db)

50 12

34 11

The ll00-bits/second telemetry data to be sent is analyzed here for either

frequency-modulation of the carrier with an NRZ binary signal, or the "quasi" RZ

split-phase binary data of essentially twice the ll00-bit/second rate.

NRZ Binary Data

Assuming a d-c output response is required, the 15-kc total instability

of the link (i. e. _0. 005% of carrier at each terminal) imposes a receiver IF passband
requirement of:

Bit= 2 (fk + 2 f_) = 2 [ II00+ 2 (15)] = 62.2kc.

With a limiter-discriminator detector and output data filter of

fc = 1100 (3/4) = 825 cps,

the ratio of Bit/Ira equals 19 db. From Fig.II. 2-15, It is seen that a 16-db threshold

(C/N) r is required. The modulation index of the carrier will be

m =1 + 2 fi/t k = 28,

and the frequency deviation is 31. 1 kc.

Split-Phase Binary Data

The split-phase binary form requires a Bit = 2(2f k + It) = 2(2.2+15) = 34.4 kc,
with an output filter of [c = 2200 (3/4) = 1.65 kc. Since B_t/[ m = 13 db in this case, Figure
1].2-15 shows (C/N) r = 12 db. The deviation is 2200 cps.

This latter method using a split-phase waveform saves 4 db in (C/N) r over the first
method, and about 2:1 in bandwidth, for a total improvement of 7 db. However, we

should refer to Fig. II. 2-14, which shows the best performance available with

limiter-discriminator detection without extra bandwidth for frequency instabilities.
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FigoII. 2-15. Threshold Carrier-to-N0ise Ratio versus Bandwidth Ratio

The above 12 db is a noise threshold, but in addition, an E/N ° value of 16.4 db for

=1 (low-pass filter output curve) must be available.

From

c/N = =
o 34 x 103/2200

we obtain C/N = 4.5 db.

Since this is lower than the threshold value of 12 db, a BEP of 10 -5 will indeed be

available at a 12 db (C/N)r ratio.

Note that, with the minimum bandwidth required for a modulation index of 1 being 2f k

(4400 cps), the (C/N) T would then be 12 less 3, or 9 db. Compared to the 4.5 db
derived above, this means that the high instability values for the link cause a 4.5

db penalty.

This 4.5 db inefficiency could be eliminated by coherent detection, which detects on the

basis of signal energy and noise density, independent of bandwidth used. However, circuits

for this may not be justified because of possible added weight and power requirements.
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A summary of the FM limiter-discriminator performance is tabulated below. The

split-phase signal is preferred because of the lower bandwidth and CW ratio re-

quired.

Signal Receiver IF Output Low- Mod.

Type Bandwidth (CJN) T Pass Filter Index

NRZ Binary 62.2 KC 16 db 825 cps 28

Split-Phase 34.4 KC 12 db i. 65 KC 1

3o SLRV-to-Surveyor Television

Use of FM permits this signal to be received at the Surveyor with a 27 -db rms-

signal-to-rms-noise ratio and a modulation index of 2.4. This is equivalent to a 36-

db peak-peak-signal-to-rms-noise ratio. The input C/N ratio required in an equiva-

lent AM bandwidth would be 15 db. In a receiver IF passband of B_ : 2f m (I + m), the
C/N ratio would be 15 - 10 log 3.4, or 9.7 db.

If the S/N ratio of the total system including the camera is limited by the transmission

link value, then a typical 12-db pre-emphasts gives a theoretical 9 db improvement,

with pre-emphasts starting at 18% of the maximum modulating frequency. As noise

in the camera chain exceeds or is equal to link noise, then less gain is available from

pre-emphasis; e.g., with link and camera noise levels equal (i. e., equal S//V values),

the pre-emphasis improvement drops from the 12 mentioned above to only an available
maximum of 3 db in the overall S/N ratio.

The use of aperture correction provides maximum optical resolution by the vidicon,

raising a 10% line resolution to about 70% resolution at the upper video frequency.

The 12 db/octave aperture correction proposed starts at a frequency of about 85 kc.

Noise is increased by a factor of about 3.5 over that of the uncorrected response at
the upper frequencies. This noise contribution needs to be contained in the noise

analysis, and being solely dependent upon the final vidicon performance, an assess-

ment of its noise contribution could not be final at this time. Because it would prob-
ably contribute at least 3 db more noise, a 30-db SIN ratio from the vidicon would be

reduced to a 27-db aperture correction. Being nearly the same S/_ as expected in the

link performance, the pre-emphasis gain in S/N would fall in the category of being less

than 3 db -- most likely only 2 db.

Although some space television cameras have provided 36 to 44 db S,N ratios, it is not

necessarily true that the type used for SLRV under the more severe moon environment

conditions will provide this measure of surplus S/N. The 36 to 44 db 5/N would prc-

vide 7 db pre-emphasis gain.
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In view of aperture correction imposing an increase of noise and of the probability that

the camera S/N will not exceed 35 db, it is concluded that only 2 db pre-emphasis gain

will result.

During subsequent camera studies, a greater s/iv may be found available, but it is not

assumed as probable at this time.

Thus, the present analysis assumes that a 25-db rms-signal-to-rms-noise ratio will

be delivered by a fiat receiver, and 27 db by pre-emphasis signal processing. Previ-

ously, a modulation index of 2.4 was noted as necessary for 27 db. A 25-db S/N re-

quires an index of 1.9ata C/NomOf 14 db. In the receiver IF of 2f (l+m), or 5.8 fro,

a B/Nit of 14 minus 10 log (1 + 1,,) or 9.4 db is required.

The final receiver 27-db S/N r couples with the camera S/N¢ to provide a final S/N ° by
the relation:

S S/Nr

Thus, if S/N c is 27 db, then the combined S/N ° is 24 db.

and S/N r = 27 db (500) then,

S 500
= 435

: V "/'°° ,)
or

If the S/Nc= 36 db(4,000 power ratio)

S
-- = 26.4 db
N

o

This example 9-db increase in camera S/N provides a combined performance for all

practical purposes equal to the over-all desired value of 27 db. The reverse situation

in which a camera S/N of 27 could be compensated for in the same manner by a 9-db

increase in transmitter power is not acceptable from weight and power consideration

for SLRV.

. SLRV-to-Surveyo, DIBSI Data

Carrier Detection and Multiplex Synthesis

The multiplexing of DIBSI signals includes those force and acceleration

signals measured, and also discrete DIBSI engineering data. These are detected in

limiter-discriminator detectors as described in the following paragraphs.
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First, for a multiplexed baseband signal of a low-pass video signal and one or more

bandpass-modulated subcarrier signals, the video signal will be detected with an out-

put mean square S/N ratio of:

S Bt C
(II. 2- 46)

The quantities are defined in Figure II. 2-16

A subcarrier at a center frequency of fo (see Fig. H. 2-17) will be detected with an
S//V ratio at the carrier detection output of a passband filter of bandwidth, b, described

by:

T)b: to/

The ratio of equation II. 2-46 to equation II. 2-47 gives the interesting ratio equation of:

(S/N) j

(C/N) b
= 3 (n. 2- 48)

This equation removes several unknown variables from the analysis, and allows deter-

mination of the required carrier deviation ratio of D1/D b = r. Letting (S/N) 1 J'(C/N)_, : p,
then

P tl (II. 2- 49)

Thus, r may be determined because p is derived from the specified performance, [1

is known, and _ and [a are derived from basic rules of basebanding the multiplexed
signals.

If equation(II. 2-46) is used to derive a modulation index, m1 , for only the video signal, then

B1 = 2 f_(l,m_), and fora required(£J/V) l , at a threshold value of (C N)_. thesys-
tern for the video signal above is known by the typical FM performance plots presented

in para. C 5 of this appendix.

Use of this value of rn1 and the r value derived by equation (4) establishes the value of

the deviation, Db , of the subcarrier. The following presents a development of this
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method of iteration to solve FM multiplex problems, and present also a series of de-

sign curves by which a rapid solution is possible to the problem of operating at thresh-

old detection for the composite signal, with compatible values of signal deviations.

Design Procedure For Multiplexing Signal

With only the lowest modulating signal at baseband, it will be recovered
at a S/N ratio of (standard FM):

(If.2-50)

(II.2-51)

because the tV1 in the IF passband exhibits a flat power spectral density, ratios of band-
width determine ratio of noise powers; thus,

where B 1for practical values of roofwideband FM receivers is

B =
1

in which m iis the modulation index.

Substituting(II.2-52) in (II.2-51) gives

2 fl (l+ml) (]I. 2-53)

S = 3 (I + m I)ml2 (II.2-54)

By adding a second signal and modulating the carrier to a totaldeviation of D,, with a
resultant noise bandwidth of

B, = 2 f,(I + m,), (II. 2-55)

The signal willbe detected to a (S/N) ratio of (equation II.2-51):
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Because again, as with equation (If.2-52),

equation (II.2-56) becomes,

S = 3 m12

(II. 2-57)

(II.2-58)

It is to be noted that the Bt variable would cancel in the equation, but in fact the quantity

N1]_--_- _ must equal or exceed a threshold in FM which is determined by the ratio Bt/ft,

in which ft is the maximum frequency component of the FDM signal. In any event,

having chosen a threshold value of C,J/V l for the first signal to derive an acceptable

output S,,._,'_ with an accompanying value of ml, the extra bandwith reduces the value of

C,JlV_ to c.'v t . If the added signal is relatively narrowband, the added bandwidth may

be slight and the threshold may still be exceeded, in which ease a complete optimum

system is specified by the addition of the individual deviations and by crosstalk con-

s iderations which determines baseband channelization.

However, if the threshold is not exceeded, then a threshold value of C Ntequal to

(CJI_) T is chosen higher than (C/'/V) (B 1/Bt), and is found on Figure II. 2-15 for the

derived ratio of /3t / ft

This increase of C/N t will give more outputs N than derived above, so m_ and rnb may

be reduced to m_ and m_ , to provide the same output S/v with the higher C N input values

for the new higher(C/lVt) threshold value. Then from equation (II. 2-56) adjusted S/N

equation with the primed values becomes:

= 3 (ml)2

T

(II. 2- 59)

which, compared to the same S/IV before the adjustment and described by equation

(II.2-58) gives the ratio

s/N_ 8_ (m]) 2 (c'Nt)_"
1 =

m 2 (C/N l ) (B 1 /B t)S/N1 B t 1
(II. 2-60)

II. 2-57



GM DEFENSE RESEARCH LABORATORIES _ GENERAL MOTORS CORPORATIO

TR64-26

and from equation (II. 2-53)

and

B" = 2 I t (1 + mr)
t

B, = 2 t t (1 + m,) (II.2-61)

then equation (12. 2-60) may be written:

(1 + mr) m_ 2 (C/Nt)
=

(I + m t)(ml)2 (C/N1) (HI�Hi)
(II.2-62)

Equation (II. 2-62) provides a correction value,m "1, of the original m I value. This

final value ofm I" establishes the desired S/N in channel 1, even though another channel

has been added. The right side of equation (II. 2-63) in decibels is then equal to a func-

tion elm, and m 1 in decibels. Some simplification may be introduced by determining

m, in terms of m j First, let

m t = D1 + Db (TI.2-63)
[ +b/2

13

and lettingr = D,/D b,

DI (I + I/r)
mt [ + b/2 (If.2-64)

Q

and since m_ = D 1/[_,

then

I + I/r
m, : m, (I-1.2-65)

([a/fl)+ b/2 It

By definition,

with

m, : m, F(a) = "2 _+ -_2 (II.2-66)
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F(a) reduces to F'(a) = (fl/la) _ K _]b/[ 1, for b/2f a

This relation is shown in Figure H. 2-18.

Equation (II. 2-62) then becomes:

(1 + F(a) ml) m12 (C/Nt) T

(1 + F(a) m 1 ") (m 1 )2 (C/N 1 ) (B 1/B,)

<< 1 .

CORPORATION

TR64-26

(II. 2-67)

Since the new value ofm 1 may be expressed as a fraction of the _nl value, then let

Z = rn]/m 1 (II.2-68)

Equation (II. 2-67) becomes:

1 + F(a) ml) (C/Nt) T

(1 + F(a) Z ml) Z 2
(C/N 1) (B 1/B t)

(II. 2-69)

The ratio on the right is known from calculations and Figure H. 2-15. The value of F(a)

is computed from equation (II. 2-66)(or Figure II. 2-18), andre 1 is known from calcula-

tions. Z is determined from the resulting cubic equation. One solution is to plot the

left side of equation (H 2-69) as a function of Z for different values of F(a) ml. An

inspection of equation (H. 2-69) shows that for values of F(a)r,, 1 of unity or smaller,

and for likely values of Z between 0.5 and unity, the left side varies as 1/Z 2. In the

limit of large values of F(a)mz of 5 or more, and for Z of 0. 5 or less, the left side

tends toward 1/Z z Figure II. 2-19 shows the function as a variable of z, with different

values of F(a) m I . This figure will be used to derive the final value of ml in the multi-

plexing of several or groups of signals, knowing the ratio of the right hand side of

equation (II. 2-70).

An alternate approach to the solution of equation (II. 2-69) is to use the empirical for-

mula describing the threshold value of (C/NOT and B/t as shown on Figure II. 2-15. A

reasonably accurate expression is derived that

T/db - 3 f + 3 (II. 2-70)

Equation (II. 2-69) then becomes

1 + F(a) m 1

1 _ Z F(a) ml) Z 2

3B 1_

VrV]+ 3
= (C/N1) (BI/B,) (II.2-71)
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Figure II. 2-18. FM Multiplex Design Chart No. 1
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Figure II. 2-19. FM Multiplex Design Chart No. 2
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This reduces to:

Z 2 (13 +17 Z F(a) m t 4z 2 F(a) 2 m12 ) =3 (1 + FFa)ml) (CIN1) (BT/Bt)

Because this is no more easily solved than equation (II. 2-69), the latter is solved for

Figure II. 2-19, because it depicts the physical meaning of the right side of the equation.

AM Basebanding of the Acceleration Signal

First consider only the 2-kc force signal modulating the carrier. Ac-

cordingto Figure II. 2-18, the modulation index is optimumly determined for FM to be

8V_-for a 50-db S/N(rms/rms) ratio, with a C/_ threshold of 24 db. Because B 1 = 2f 1 (1 + ml),
then,

B I =2 x2(1 + 11.3) = 49.2 kc

From equation (II. 2-53) the ratior may be determined for the DIBSI

acceleration signal amplitude modulated on an 8-kc carrier. Assume the same S/N of

50 db(b=1) and b=4kc, then:

(3)(4) - 96

.'. r = 0.102

or D I = 0.102 Dbl

The quantity F(a) from equations (II. 2-66) and (II.2-67) is then

I + 1/r 1 _ 1/0.102

F(a) =
ta/f I + b/2 fl 8/2 + 4/2(2)

=2.2

and with ml= 11.3, F(a)m z = 2.2(11.3) = 24.9. To use Figure II.2-19, the value of Z required

is (from equation (11.2-69) Z= (C/Nt)T/(C/N)I(B1/Bf). The predetection C/N ratio of the

force signal is from equation (II, 2-52),

Narn

C
= -if'- (1 t ml)

1

N I ab am db :: 24 - 10 log 12.3
db

:: 24 - 10.9 = 13.1 db
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From D I and r and

D t = D 1 + D b = 11.3 (2) + 11.3(2) _ 244 kc,
O. 102

244
- 24.4mt 10

then

and

B t

it (1 + mr)2 = 50.8, or I7.1 db

Fig. II. 2-15 gives (C/N) r = 15 db

Then

(C/N) r

(C/N) 1 (B I/B t)

= 12.1 db

which, on Fig. II. 2-19, shows Z = 0.39.

The final carrier deviations are this value times the original, or

D 1 = 0.39(22.6) = 8.8 kc,

Dbl = 0.39 (22.6) (9.8) = 86.5 kc,

and

D t = 86.5 + 8.8 = 95.3 kc,

n oft1 _- f _ - 9(06 _. I0 = 211 kc
_ t = _ t ' "t t -_ ..... "

Other system values for S/N ratios of 40 and 30 db are shown in Table H. 2-8.

FM Subcarrier for Acceleration Signal

The subcarrier should be the lowest frequency that permits acceptably

low crosstalk with other channels and simultaneously allows practical filter design for

the channels, It is known that a well designed FM receiver with a capture ratio of about

2 db will suppress spurious signals to 50 or 60 db when the spurious signal is less than

2 db of the desired signal. Allowing an 8-db safety margin, the ratio of the FM sub-

carrier amplitude to the adjacent channel in-band spurious level will be assigned a 10-
db value.
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TABLE II. 2-8

CHARACTERISTICS OF DIBSI ACCELERATION ON AM SUBCARRIER

AT 8 KC AND TELEMETRY SUBCARRIER AT 16 KC

DIBSI Force

and Acceleration

Output
S/N

(db)

Carrier

Deviation (kc)

Force Accel.

Telemetry

(BEP = 10"7

(C/N) Dev.
SC

(db) (kc)

Total

Dev.

(kc)

Surveyor VHF

Receiver IF

Bandwidth

B t (kc)

Threshold

(C/N) T' (db)

50

40

30

8.8

6.2

2.4

86.5

60.0

23.3

1.7

3.3

3.9

97.0

69.5

29.6

230.0

175.0

95.2

12

11

9

Figure II. 2-20 shows a typical arrangement of multiplexing 2 channels. The 10-db value

at the edge of the subcarrier channel is made up of the ratio of the two signals ,q, and
the attenuation of the filter, A_ , of the lower channel. The value of r from equation

(II. 2-52 ) can be plotted as a function of [ j then, for an attenuation

rate ofA_, given by the receiver's low channel filter, the 10-db point may be deter-
mined. Good filtering is realized with a 36-db/octave attenuation rate.

Without resorting to this full synthesis method, an educated guess of [a is possible by

basing it on (1) a determination of r and (2) a Bsc value of [2 [b (1 + msc)] and a shape
factor of 3 for the receiver's bandpass filter. With a 30-db attenuation at ± /_ from

SC

ia' then [ol : B_c + f1 These are listed in Table II. 2-8 for different S/N ratios.

From equation (II. 2-52),

r 2

For an outputquality S,,N of 50 db,

p :: (S/N)/(C/N)s c : 50 - 13 37 db

r21db 37- 48 _ I0 (2/52) _ 20 log (2/'54)

rso 0.295
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Figure If. 2-20. Typical Arrangement of Multiplexing Two Channels

(Multiplex Crosstalk Diagram)

for S/N of 40 and 30 db, respectively, the values of r are:

and
r40 = O. 24

r 30 = 0.23

From the analysis of multiplexing without FM subcarriers, the DIBSI force signal is
derived to deviate the carrier 22.6 kc. Then the above ratios show the carrier devia-

tion, DD, by the subcarrier to be as shown on Table II. 2-9. The total deviation, D t, of

the carrier and the Surveyor's receiver bandwidth, Bi_, are also shown.

The amount of deviation on the subcarrier, corresponding to modulation indices of 12,

7, and 3, for center frequencies 54, 34, and 18 kc is quite large -- about ±50%, or

about 7.5 times that of standard IRIG. This is attainable from special biased multi-

vibrators or saturable inductance oscillators. Some instability problems and linearity

or calibration problems of modulation are present, but may be solved by calibration

voltages much as required in any accurate telemetry system.
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TABLE II. 2-9

CHARACTERISTICS OF DIBSI ACCELERATION ON FM SUBCARRIER AND

TELEMETRY ON FM SUBCARRIER

I)IBSI Force [

and Acceleration

I

Output I Carrier
Deviation (kc)

S/N , i
(db) Force I .\eccl. '

50 17.0 I 57. 5

-t 0 7. 0 I 33. 5

30 3.7 I 16. 0

Telemetry
Data

Total

(BEP 1{}_ l)ev.

(C/N),_ 9 db (kc)

Dev. (kc}

15.5 90.0

15. {} 56.2

6. 0 25. 7

Surveyor ',/H F Sul)carrier
Receiver IF

B:mdwidth ThreshohI

13t (Re) (C/N)T '
Bib}

35(;. {} b. (}

22s. 4 7.5

i2(}. (} 7. {}

Frequencies

Accel. 1 Telem.

(kc) (Re)

54 86

34 56

18

l_indwidths

--Accel. I Telem.

(kc) I (kc)

52 l 4

32 I 4

I 1. i 4

Two Examples of Telemetry Addition

(i) With Acceleration as AM Signal at 8 kc:

Put Telemetry at 16 kc with 4 ke bandpass filter. This will be de-

tected in Surveyor with a limiter/discriminator for the subearrier.

For coherent FSK and detection (assume: BEP = 10 -_):

E N O 12

Reconstituting the data with the third harmonic content (B = 4 kc);

E 1 12 db - 10 log 4000 x 1100

tm

Thus, carrier detection must provide 6.4 db, minimum (7 db will

be used in the following calculations), in 4 kc. If a 2-db "relay"

noise increase is allowed, then the following system parameters
result:

For I-_- ) 50 db: rtm
1

(with Z

D
1 : 3.9 kc

5.8 and D tm _ -
.f

0.39, then D tm 1.7 kc)
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(with Z = 0.44, then D tm = 3.3 kcj

FoE
-_) = 30 db: rtm 0.62 and Dtm 9.2 kc

1

(with Z = 0.42, then D tm = 3.9 kc)

These deviations must be added to those derived earlier for the

force and acceleration signals. The system results are listed in
Table II. 2-8.

(2) With Acceleration as FM Subcarrier Signal:

Place telemetry 6 kc above/t and use 4 kc bandpass filter as with

AM acceleration subcarrier. Then, as in the foregoing example,

the following parametric values result.

For |'_ = 50 db: rtm = 1.11
V! 1

For [-:_N ) = 40 db: rtm= 0.513

VV 1

For [-:_-_) = 30 db: rtm =0.3
1

These, again, must be added to the force and acceleration signals.

The system results are shown in Table II, 2-9.

. Conventional FM, FMFB, and Phase-Lock Detection

Less transmitter power is required now than was needed for earlier typical

FM detectors (Foster Seeley, etc. ), due to advances in modulation/detection techniques.

Considerable analytical effort has been devoted to discovering when the threshold occurs,

the parametric effects of the modulation index, the relation of compatible thermal and

non-linear noise levels in an optimum system, and the nature and occurrence of the

spurious loss of lock in the phase-lock type of detector. Measurements with NASA

satellites (Pioneer series and Mariner) have established capability with data type of

systems in general, and the Telstar, Relay, and Echo projects have provided quality

evaluation of analog signal transmission primarily for frequency-following detectors
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(FMFB). Other types of modulation techniques have been compared and one of these

performance ratings is shown in Figure H. 2-21. (It should be pointed out that the com-

parison is made on the basis of transmitter power required for recoverable signal

purity.) The increase in spectrum utilization of one system over another is not to be

considered a penalty, even though it ranges from 10.5 Me for digiloek modulation to

0. 22 Me for single side-band for a 220-kc video-modulating sig_nal. Recent analysis

for Echo and Telst_ar receivers using FMFB have modified the capability as sho_ for
FMFB and will be developed later along with phase lock (PL) detection. The pulse-

code modulated mode shown is for a 5-bit coding (32-level) of differentially coherent

(phase-shift keyed) detected video.

Fig. II. 2-22 compares the performances of other detection schemes. The FSK

receivers applieable in Fi_. II.2-22 are those using dual-filter (matched filter mode)

detection of the coherent or non-coherent type, depending upon whether bit phase and

coherent integration during the bit is used, or the simple threshold detection level is
used at the detector output.

The non-coherent FSK detection methods also include the popular limiter discrimina-

tor receiver. Frequeney instabilities, f_, and doppler shift, fd, are not included;
these would broaden the IF and lower the threshold or increase the bit error rate

(BEP). The figure represents typical AMR receiver performance, wherein f and
1

fd are compensated for by vernier adjustment of the receiver's injection oscillator

to some mixer. Measured performances are shown due to the lack of theory to de-
scribe accurately the threshold effects.

The relative merits of these detection techniques are apparent in Figs. II.2-21, 2-22 and

2-23. The conclusion may be drawn that coherent detection is best for darn recep-

tion. Analog signal quality by FMFB reception is shown in Fig . 2-21 to be better

than others, although so far, phase-lock detection is not shown.

The performances of various phase- and frequency-modulation detection systems,

which are either FM, FMFB, or PL, are shown in Figure II. 2-23. The plots for

FMFB or PL are from Enloe' ', Spilker ,_, and Choate", and for FM (limiter-

discriminator), from Crosby _ and Stumpers '°. The input signal-to-noise ratio param-

eters described by the authors mentioned are normalized in the input sigmal-to-noise

ratio parameter to a ratio at the input that would be found in an equivalent AM IF pass-

band of twice the highest modulating frequency, fm ' i.e. , the equivalent a-m signal-

to-noise ratio of C_/V,_. The signal-to-noise ratio in the receiver IF would be (C N),_
(2 [m Bi_) C 'Nam. Of most significance is the threshold curve for each detection

scheme, beeause above their threshold _lues, all detection schemes give the same

output signal-to-noise ratioS° No for a given C Nora by the relation So No. 3rn2 C N rotor
power wtlues of the variables. The modulation index value, m, for FM is the ratio

D [ where D is the peak deviation of the carrier. The deviation in a phase-modula-

tion system is _Sir_ where d is the radian deviation. The c<tuation holds for increasing
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Figure II. 2-21. Performance Ratings for One Type of Modulation Technique
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Figure TI.2-23. Performances of Various Phase- and Frequency

Modulation Detection Systems

C/Na m values until the intermodulation signal-to-noise ratio (non-linearity effects) ex-
erts a leveling influence on the thermal sigmal-to-noise ratio attainable.

The derivation of Fig-are ]].2-23 shows that all investigators used the same model for

the feedback loop, but in some respects differences in interpret_ttion and sophistication

appeared between the different analyses. Also, Enloe's paper needed considerable

interpretation and extension to derive a performance curve such as the one shown in

Figure II. 2-23. Spilker did not use the sophisticated threshold of standard f-m as did

Enloe. Spitker and Enloe were close in their values of 0. 1 and 0.25 for the mean

square radians disturbance in the loop at threshold, whereas Choate uses a value of

one-radian. To derive a generalized curve, Spilker's analysis was modified to include

a threshold walue of 7 to 12 db, dependent upon the bandwidth expansion used as sho\_ql

by gnloe. Choate's model of ;vnatysis is used, in which the signal distortion is about
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6 db below the thermal noise power in the closed loop at threshold. Most of these

changes are reflected in Figure II. 2-23. Finding the different curves were at odds by

only a few db (and taking into consideration the relative thoroughness of the different

analyses), a set of final curves for threshold values was derived, as shown in Figure

II. 2-24. A typical extension beyond the C/Nam threshold values is shown for agree-
ment with Choate's work. For completeness, Choate's phase-lock curves for PM are

shown as Figure II. 2-25. More recently, Robinson has published curvessimilar to
the above, with different mean square radians of noise values as a variable of a family

of curves. A 0.5 radians 2 mean square error is used by Robinson in his final perform-

ance for practical systems, even though values of 0. 7 and 1.0 are shown in his theoreti-

cal deviations. Robinson's results are shown in Figure II. 2-26 (Figure II-A-4 of
22

Robinson's paper) with an additional 0. 25 mean square-radian error curve. Develet

has used a more elegant model of a phase-lock system which simulates more exactly

the non-linear processes involved when distrubance occurs in the loop at threshold.

His results are the same as those shown in Figure II. 2-24 except that the same output

signal-to-noise ratio is shifted one db lower on the C//Vom axis. Develet's solution is
based on a signal spectrum approximating a Gaussian spectrum, and may not be direct-

ly applicable to other spectrums, although in other analyses this variation in signal dis-

tribution has not altered results by more than several db. His evaluation is shown in

Figure II. 2-27 with the additional plots of performance possible for 0. 5, 0.25, and 0. 1

mean-square phase errors.

From Figure II. 2-24 it is clear that, for an output signal-to-noise ratio in the order of

25 to 30 db, either FMFB or PL detectors are 2 to 3 db better than are FM limiter-

discriminator detectors. Because PL detectors are of simpler design than FMFB de-

tectors, PL detection is preferred. A reference phase-noise level at thresholds of 0. 5

rads 2(mean square) will be assigned.

A difference in performance attainable with phase-lock detection by Develet and

Robinson is obvious, with the least difference of only 1 db for a 0. 25 mean square

radian error. The largest difference occurs for a one mean square radian error which

shows Robinson's evaluation to provide the same output SNR with 4 db less input SNR.

At a threshold value of 0.5 mean square radians, the difference is i. 8 db. Because

Develet's Analysis also includes the performance attainable with an optimum loop filter,

Robinson's curve for one radian squared error is seen to be 1. 8 db better than that

possible with the optimum filter. Since Develet uses a non-linear model and Robinson

does not, Develet appears to be more valid for the large error values. Also, his

evaluation for a 0. 5 radian squared error is identical to the curve of Figure 11. 2-26,

which was derived for the same 0. 5 mean-square error from previous reports on phase

lock performance. Another recent report by Viterbi (23) supports Develet's findings

as the exact analysis provided by continuous randomwalk techniques is the same as

Develet's up to one radian square error. This is as large as any analysis has allowed

the error to be for practical phase lock loops.
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D. RANGING AND BEARING INVESTIGATIONS AND ERROR ANALYSES

10 Introduction

This section of Appendix II contains: (1) analyses of the errors to be expected

for the techniques selected for determining range (R) and bearing (¢6) described in

para. C. 4 of this appendix, and (2) descriptions of other approaches which were

studied, but discarded in favor of the selected techniques.

2. Error Analyses

Ranging Error Analysis

There are basically two types of error that are encountered in measuring

range: (1) bias (or fixed) errors, that can be minimized or eliminated by calibration,

and (2) statistical (random) errors that determine the ultimate accuracy obtainable.

(1) The primary bias errors are:

a. Range Ambiguity

Since the 200-kc tone completes a 360 ° change of phase every

750 meters (round trip), some sort of "dead reckoning" must be

incorporated to determine in which of the five possible range

zones SLRV is located. Since the mission is of such a nature

that a fairly long time is spent in each zone, it is felt that the

ambiguity can be calibrated out quite easily on Earth.

b. Receiver Filter Delay- Distortion

It has been shown that the delay distortion inherent in "frequency

swept" tuned circuits can be minimized by designing controls

over both the slope of the tuned circuit and the bandwidth required.

Baghdady (1) shows that the required bandwidth (B), for low

distortion, is given by:

B : 2(A_ + ,,,JR) (11.2-72)

where

is the frequency deviation fi _, _

is the modulation frequency;

is the modulation index; and

= 5K/2, where K is the sluggishness ratio of the

filter.

(1) E. J. Baghdady, "Lectures on Communication System Theory, " McGraw Hill,

pp. 479-483.
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It will be assumed that the bandwidth is determined by a

single tuned high-Q circuit, so that

K = 1

Hence, _ - 3

Other forms of equation I are:

B = 2([_ _,_ _- 3_Jm) in radians

(II.2- 73)

B = 2(_ _ 3) in cycles per second

A plot of the above formula is shown in Figure II. 2-28. As an

example, it can be seen that an IF bandwidth of 2 megacycles

per second and a modulation frequency of 200 kilocycles per

second requires a modulation index, /_, of 2 or less.

If it is desired to determine the required bandwidth in terms

of the frequency deviation and fi, instead of the modulation

frequency and fl, equation (II.2-73)can be written as

or

-_--) in radians (II 2-74)
B._ =21+

fl o_m

A f - 2 1 + in cycles per second (H. 2-75)

A plot of equation (!!o2-75) is shown in Figure II.2-29.

When the modulation index, /_, is equal to 2 or less, the bias

error due to delay distortion is negligibly small, but can be

eliminated by calibration if necessary.
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The primary statistical errors are:

a. Signal to Noise

The signal and noise vectors in a narrowband filter can be

graphically shown as;

nq

Sp n 5

Where: S p

n
S

rl
Q

is the peak signal voltage (reference),

is the in-phase rms gaussian noise (la) ,

is the quadrature rms gaussian noise (la) , and

is the resulting rms phase error (l.) •

Now:

and for

But

Sp >> n s ,

0<5 ° .

n

0 -

(II.2-76)

_ rms noise (II.2-77)
S peak signal

p

Thus, 0 =
1 0.7

A plot of equation (II.2-78) is shown in Figure II. 2-30.

Since the low-pass filter foIlowing the digital phase detector

on Surveyor can be made arbitrarily small, the random phase

error can be reduced to insignificance. However reduction of

the bandwidth of the bandpass filter following the FM receiver
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Figure II.2-30. Phase Error Versus Signal/Noise Ratio

on SLRV is limited because of the temperature-stability

relationships. Therefore, phase jitter due to a low signal-to-

noise ratio will occur here.

Table II. 2-10 was derived from Skinner's Threshold curves

given by Enloe '_

TABLE II. 2-10

THRESHOLD PERFORMANCE

3

6

9

12

db (_)db
o

13

21

30

35

23

31

40

45

db (_)db
2

33

41

5O

55

(2) Enloe, "Decreasing the Threshold in FM by Frequency Feedback", Proceed,

IRE, Jan 1962, p. 27, Figure 9.
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C
Where: --

N
is the IF carrier-to-noise ratio in a 2-Mc

bandwidth:

is the Output signal-to-noise ratio in a LP

filter of 200-kc bandwidth;

is the Output signal-to-noise ratio in a BP

filter of 20-kc bandwidth;

is the Output signal-to-noise ratio in a BP
filter of 2-kc bandwidth.

The table shows that the output signal-to-noise ratio in the 2-kc

bandpass filter is at least 41 db when the input carrier-to-noise

ratio is 6 db or greater. This signal-to-noise ratio results in an

rms phase error of 0.36 degrees (from Figure II.2-30). A plot

of rms phase error versus rms range accuracy for 4 different

modulation tones is shown in Figure II. 2-31. The range accu-

racy for 0.36 ° phase error is 1.5 meters (200-kc tone).

b. Filter Phase Stability

Another source of random errors is the shift of the center

frequency of the 200-kc bandpass filter (on SLRV) with

temperature. An analysis of the phase error, 0e, has been

made; the results of this analysis are plotted in Figure H. 2-32.

In this figure, A T is the change in ambient temperature, the
'SI_ are the total temperature coefficients of the tuning

_, .4_1 ...... .L_elements in the filter, and Af is the resulting _m_t..... u, m_ _,L_l

frequency of the tuned circuit. The resulting phase error is a

function of the center frequency shift and the bandwidth of the
filter.

For a A T is 50°C and an overall temperature coefficient of

40 ppm, the A f is 200 cycles per second.

For a bandwidth (3 db) of 2-kc, the resulting phase error is

0.15 degree.

The resulting range error is 0.6 meter.
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Figure II. 2-31. Phase Vs. Range Error

c. Reference Oscillator Error

The short-term stability (1 to 10 seconds) of the 200-kc

crystal oscillator is 2 parts in 10 0, resulting in an rms phase

error of 0.14 ° .

The resulting range error is 0.6 meter.

d. Analog-to-Digital Encoding Error

If the Range data (DC voltage) is routed to the TM section of

the Surveyor Telecommunications subsystem for Surveyor/

Earth transmission, 10-bit word encoding of this voltage will

occur. Since a random error in encoding can occur on the

least significant bit, the resulting error is 1 part in 1024.

The resultant phase error would be 360 = 0.35 °,

1024

corresponding to a range error of 1.5 meters.
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AT for a Single Tuned Bandpass Filter

Rise-Time Error

The rise-time error for the two-stage amplifier-clipper is

0.5 degree.

This represents a range error of 2 meters. This error can

be reduced to 0.05 ° by adding another amplifier-ciipper stage.

Total RMS Error

The total range error, _ T, is equal to _i 2
• 1

.. o T = _[(1.5) 2 + (0.6) 2 + (0.6) 2 + (1.5) 2 * (2.0) 2

o T = 3.04 meters, rms.

(Note that this is based on the assumption that eneoding via

the Surveyor telemetry subsystem is employed. Use of direct
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(3)

analog modulation on a subearrier (VCO) would result in

greater error because of the magnitude of frequency drift

for such VCO's_)

Recommended Modulation

To enhance the received signal-to-noise ratio and to minimize the

effects of multipath propagation, frequency modulation with a

modulation index of 2 is recommended.

Bearing

(i) The

was

with

(2) The

Error Analysis

principle bias error is receiver-filter delay distortion. This

analyzed under "Ranging, " and can be eliminated by calibrating

an adjustable delay.

primary statistical errors are:

a. Antenna Pattern

Calibration curves will be derived for each antenna in free-space

radiation tests, and again when mounted on Surveyor. ttowever,
the residual rms error during actual operations on the moon is

estimated at this time to be in the range ±1 to ±2 ° . This error

will be dependent on the SLRV-Surveyor-Moon geometry (i. e.,

tilt to Surveyor and SLRV antennas, terrain variations, etc.).
The more conservative value of ±2 ° is used for the remainder

of this error analysis.

b. Signal to Noise

0.36 ° (see Ranging error analysis)

c. Filter Phase Stability

0.15 ° (see Ranging error analysis)

d. Reference Oscillator Error

0.14 ° (see Ranging error analysis)

e. Analog-to-Digital Encoding Error

0.35 ° (see Ranging error analysis)

f. Rise-Time Error

0.50 ° (see Ranging error analysis)
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. Alternate Techniques Investigated

Ranging

In the selected Pseudo-Noise-Code method of ranging, a noise-like

sequence of pulses is transmitted from the DSIF site to Surveyor and then transponded

back to DSIF. The return code is cross-correlated with a delayed replica of the code,

the delay time being a measure of the range of Surveyor. A second sequence is sent

from DSIF to Surveyor to SLRV, then back to Surveyor, than back to DSIF. This

second time around provides a measure of the total range from DSIF to SLRV.

Subtraction of the second measurement from the first should result in a measure of

the range between Surveyor and SLRV. However, it is felt that the accuracy of such

a range calculation will be rather poor because of the presence of lunar perturbations.

Russell _3_, et al, state that there are 155 periodic terms in the expression of

perturbations of the lunar longitude, with coefficients exceeding 0.1 ° (approx. 200

meters), and more than 500 smaller ones. Moulton _'_ analyzes some of the pertur-

bations in his section on Lunar Theory.

At the present writing, there is no known measure of the amplitude of the perturbations

that can occur in the 2.6 seconds time difference between the two ranging signals.

Since the Earth-to-Moon link is not necessary to measure the range between Surveyor

and SLRV, it is felt that the PN code method of ranging should not be used.

An approach which would provide simultaneous processing of a code such as E/S/

SLRV/S/E, to avoid the 2.6-second delay between the E/S/E and ,_._,,,__,w/_,/_T___.RV/,q/E.,,_, ,

separate transmissions, would require complex equipment whose weight and primary

power requirements would not be compatible with SLRV mission requirements.

Bearing

In addition to the selected technique of the four-element, two-port

antenna and digital phase detector, two alternate

(3)

(4)

Russell-Dugan-Stewart, "Astronomy" l:_. I The Solar System, Ginn & Co.

pp. 287-29O

F. R. Moulton, "An Introduction to Celestial Mechanics", Second Rev. Edition

12th Printing 1959, The Macmillian Co., pp. 337-365.
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tech_iques _ere investigated. These were the "Coherent Bearing Indicator" and

"Lighthouse" methods. The former method was discarded because itrequired two

antennas on Surveyor and had an inherent ambiguity. The latterapproach required

a motor t(_turn a dish antenna, which introduced mechanical problems and greater

power consumption than the selected approach. Descriptions of these two approaches

follow.

Coherent Bearing Indicator Method

The bearing (azimuth) angle from a base line established through

Surweyor and SLRV is directly proportional to the phase difference between two r-f

signals derived from a common oscillator. Both signmls are compared in a calibrated

phase detector. The phase detector produces a d-c voltage that is directly proportional

to the cosine of the bearing angle.

Two antennas, spaced 1/4 wavelength apart, are mounted on the Surveyor vehicle.

The r-f sig_mls to the antennas are in quadrature (sine - cosine relationship). The

resulting radiation pattern is shown in Figure II.2-33 for 0, 90, 180, and 270 degree

bearings.

In actuality, one of the signals is sent at one-half the frequency of the other to pre-

vent erosstalk problems in the receiving unit. Upon reception the one-half frequency

signal is doubled. The phase angle of the one-half frequency is restored to the correct

value when doubling occurs. To simplify the following discussion it will be assumed

that both antennas are at the upper frequency.

;' wavelength_' )phase shift between the signals and the 7Because of the 90 degree(7

spacing, the phase difference is 0 degrees on the semi-infinite line (determined by

the two antennas) projecting to the right, 180 degrees on the semi-infinite line pro-

jetting to the left, 90 degrees up, and 270 degrees down, as shown in Figure II.2-33

The normalized d-c voltage out of a calibrated phase detector for any bearing angle

is shown in Figure II.2-34.

A block diagram of the solid-state transmitter is shown in Figure II.2-35. The two an-

tennas (60 me and 30 me) are simple whips mounted on the Surveyor at a spacing of

-_ (5/4 meters _ 4 feet); the reference frequency being 60 me. A block diagram of
4

the solid-state dual-frequency receiver is shown in Figure II.2-36 with the minimum

signlal levels and stage gains indicated. It is in reality two receivers; one tuned to
O) 0

60 me (,,, o ) and the other tuned to 30 me ( -7 )"

The 30 mc receiver amplifies the 400 microvolt signal up to 4.5 volts (peak). The

30 me signal is then doubled to 60 mc and the resulting 2.8 volt (peak) signal is used

to "gate" the 60 me phase detector.
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O
O

Figure H.2-33. Phase Relationships from the Two Surveyor Mounted Antenna

Signals at 0, 90, 180, and 270 Degree Bearings

The other received signal (280 microvolt, 60 Mc, RF carrier) is amplified and

limited in the Bearing Channel to 0.28 volt (peak). Constant amplitude voltage to

the phase detector, independent of antenna signal strength, is assured by the

utilization of solid-state high-frequency limiters. Thus, the output voltage (DC)

is only a function of the phase angle between the reference and the bearing signals.

Only one antenna is used to receive both the 30 Mc and the 60 Mc signals. Isolation

and matching is accomplished by the incorporatio_ of a 30 Mc RF prese!ector and a

60 Mc RF preselector, as shown in the Figure H. 2-36.

"Light House" Method

A narrow beam of RF energy (2100 Mc to 2300 Mc) horizontally scans

a full 360 degrees at a low rate (10 seconds/360 degrees) in a "Light-House" fashion.

When the beam is pointing to a predetermined azimuth angle (due north) a VHF (100

mc to 200 mc) omni-directional (in the horizontal plane) r-f carrier is flashed on for

a short time (0.01 second). The time difference between the illumination of the SLRV

S-band receiving antenna and the reception of the VHF "flash" is a measure of the

bearing of SLRV with respect to the reference line established on Surveyor.
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160m.w.

Figure II. 2-35. Bearing Angle Transmitter, Block Diagram

S-band, r-f energy could be fed into a 1-foot diameter, parabolic reflector that is

rotating (upon command) in the horizontal plane at a rate of 1 revolution per 10 sec-

onds, (36 degrees/second}. At 2300 mc the 3-db beam width of the antenna is about

30 degrees, much too coarse for any practical bearing measurement. This, however,

can be improved in the following manner. A predetermined threshold is set in the

SLRV S-band receiver. The instant the input signal is large enough to cross the

threshold (positive going} two time gates are opened and remain opened until:

a, the VHF omni-directional "flash" crosses its own threshold,

closing the first gate. See Figure II. 2-36.

b. The other gate is closed after the received S-band signal falls
below the threshold.

The end result is that the two pulses, T, seconds wide, and T_ seconds wide, are

sent back to earth via Surveyor for processing.

The processing consists of taking one-half the duration of T_ and subtracting it from

T , . This results in a true measurement (if the S-band beam is symmetrical about

the center line (C. L.), see Figure H. 2-37, of the bearing angle (in units of time) from

the Surveyor 0-degree reference line and the SLRV vehicle.
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Figure II. 2-37. Light-House Timing Diagram

II. 2-91



GM
DEFENSE RESEARCH LABORATORIES _ GENERAL MOTORS CORPORATIO u

TR64-26

The S-band r-f energy can be obtained from the existing 10-watt S-band transmitter

on board the Surveyor. (The required transmitted power is less than 10 milliwatts.)

New equipment need only be a small RF probe (to extract the 10 milliwatts), a ro-

tating coupler, a 12-inch parabolic reflector on a rotating shaft, and a drive motor.

The required power is about 1.5 watts (motor drive), and this is only on when com-

manded from earth.

. Phase Deviation Analysis for Single-Tuned Circuit

Consider the following parallel tuned circuit,

Y (s) _ L R_

Y(S) = _+ CS +--=1 1 R+RLCS2+LS (II.2-79)
LS R RLS

Let

and

W ° -

R
9 = w---g

O

Then:

and

II. 2-92
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I I Wo Wo

RC QWoLC WoQ 0

Z (S) :

WoS _ W2o (II. 2-81)
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$ = jW, where j =

Then

z (jw) =
W2 + j Wo

Q

(Wo2 - W2) 2 + W 2

1

,4 (w) + j s (w)

(TT. 2-82)

= R (W) eJO

where

e (w) = '_[A-_] 2 + [e-?'_] 2

and

0 = Tan -1
,4(w)

Considering only the phase angle O,

Tan "2
W 2-W2

0

0

0

(IT. 2-83)

Tan -1 Q
f72 _ f2

f f
0

(II. 2-84)
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then,

0 = Tan -1
fo 2 - (fo + A f)2

Q " [o ([o + A[)

(II. 2-85)

Tan -1

2 A H ° - (A [) 2
-p

f o2 + [o._f

Tan- 1

I_ A[ At 2

2 f [o

0 o A[

I+ T
]

Let

then

and

dO =

Af

Io

-i0 = Tan

(-Q)

(1 + x) 2

(1 + x) 2 + Q2 x2 (2 + x) 2

(2 - 2x) (1 + x) - 2x + x 2

(1 + x) 2

(_Q) 2- 2 x - x 2

(I _ x) 2

dx

dx

(II. 2-86)

(II. 2-87)

-= _ Q
2-2 x-x 2

(l+x)2 + Q2 x2 (2 + x) 2
dx
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But

and

dO 2Q dx

i + 4Q 2 x 2

I
dx - d (AD .

[ o

(II, 2-88)

Therefore:

Since the 3-db bandwidth,

dO

d (A t)

t
o

B 3 =_-

2
m 0

fo
(If.2-89)

then

And since

dO

d (A t)

2

B 3
(II. 2- 90)

2At
_<I,

B_

then

dO

d (A t)

4

] (II. 2- 91)
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d9 2
(II.2-92)

2
The term,- -_- ,represents the linear phase shift of the network, while the term,

2 _2A¢_ 2,

Letting:

represents the deviation from linearity.

and integrating, we have

dO 2 [ 2At _2 (II. 2-93)

d(A--i; B--?\-rT/

or

{9 = -5- in radians, (II.2-94)

At _3

0 = 152 _'-_3J in degrees.
(II. 2-95)

. Rise-Time Uncertainty

To change the state of the flip-flop, a differential voltage of at least 0.6 volt

peak is required, in the case of silicon transistors. This voltage must be obtained in

no more than 0.5 ° of the axis crossing of the 200-kc sine wave. See Figure II.2-38

on the following page.
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75 VOLTS

00 KC

0.6 VO__ "_ 0 VOLTS

Figure II. 2-38

If the sine wave were not altered, the voltage at the peak of the wave (90 ° angle) would

be 75 volts, while the total peak-to-peak signal level would be 150 volts. For the

power supply voltages available, complicated circuit design would be required to fur-

nish the 150-volt swing. Care would also have to be taken to prevent "transistor

breakdown". A more practical method of obtaining the rise time without excessive

voltage levels is shown in Figure II. 2-39 and described below.

A I A 2"

AMP

CLIPPER

e 2 e 3

Figure II.2-39

The signal, e, is set by R tn th_ rn_Yim,,m input 1.... ] (A ,) at ...u;__. ,, ............ ,_ .................... _ VVl/.-L'I_.,II JLII|t:_I. IIL.,V U_LII b(:2

maintained, i.e. approximately 0.8 voltpeak. The signal is amplified by a factor of

10 to 8 volts peak, and then clipped to a level of 0.6 volt by two parallel (reversed)

high- speed silicon diodes.

Amplifier A 2 then raises the 0.6-volt e2 signal to a level of 6 volts peak. It can be

seen that if no clipping were performed on the signal, the output voltage, e 3, would

be 0.8 x 10 x 10 = 80 volts peak, slightly higher than the 75 volts required in the

previous case. However, even though the amplitude has been altered, the rise time

is of the required value to produce a phase uncertainty, 0 , of less than 0.5 degree.
r

This 0.5 degree results in a range uncertainty of 2 meters.
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Note: The X10 gain of each A. and A 2 represents a good compromise between gain,

stability, and impedance levels.

6o Preservation of Bearing Angle Undergoing Frequency Trans[ation

Let the reference signal be:

cos oJ° t, (II.2-96)

and the phase-shifted signal be:

and the injection frequency be:

cos (_Oot , ¢o), (II. 2-97)

cos ((o I t + ¢1) . (I1.2-98)

Mixing (II.2-96) and (II. 2-98) we have:

cos OJot cos (09 1 t + ¢1)

: 1/2cos [(_o - _1) t -¢1 ] + 1/2cos [(_"o + _1) t + ¢1 I

(II. 2- 99)

Lowpass filtering and normalizing (II.2-99) gives:

cos[_o ° - %)t- ¢11.

In similar manner, mixing (H. 2-97) + (II. 2-98) gives:

cos [(_o - _5) t - ¢5 + ¢o l

Mixing (II.2-100) and (II. 2-101) gives:

co_[(,_o-,_5) t- ¢51 cos[(_o-%) t- _l' _o 1

: 1/2cos _o + 1/2cos 2 [(_o - cq) t - _5 + _ ]2

Filtering and normalizing shows that (5oiS preserved.

(H. 2-100)

(II. 2- I01)
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E. ANTENNA INVESTIGATION

1° Antenna Type Studied

The antenna requirements for the Surveyor Lunar Roving Vehicle mission

after the vehicle is deployed on the moon can conveniently be discussed relative to

three possible communication links:

A. Direct vehicle-to-earth ( SLRV/E )

B. Direct earth-to-vehicle ( E/SLRV )

C. Communication between SLRV and the Surveyor (SLRV/S).

Link A would be used to send all data from the vehicle to the earth. Link B would

be used to send all commands from the earth to the vehicle. Link C would be used

for two purposes:

(i)

(2)

Two-way communication in which the Surveyor would act as a

relay station for communication between the earth and the SLRV.

Direction finding or azimuth bearing determination of the SLRV

relative to the Surveyor.

The use of Links A and B would make the SLRV relatively independent of the Sur-

veyor, assuming that bearing information can be obtained by some independent

means. The full use of Link C, in which the Surveyor acts as a relay station,
relieves the vehicle antenna needs to the extent that Link A is not essential. It

is likely that Link B will always be necessary, although it may, to some extent,

be combined with Link A. Equipping all three links adds some redundancy to the

Communication Subsystem.

The vehicle antenna requirements for the three links are as follows ( 1 ).

Link A: SLRV-to-Earth

1. gain (3 db points): range of 10 db to 30 db

2. frequency: 2295 Mc

3. polarization: linear or elliptical

4. bandwidth: 1 percent maximum

5. steering capability: The 3-db beamwidth should preferably en-

compass Earth at transmission. Since the SLRV will move about

on the moon's surface and may negotiate steep slopes up to 70

degrees, techniques and equipment suitable for Earth-sensing and

steering of the antenna must be investigated.

(1) -F.A. Hartshorne letter, August 27, 1963.
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6. mechanical considerations: extremely lightweight (preferably

less than one pound) and storable within the available volume

for the SLtW.

Link B: Earth-to-SLRV

1. gain: greater than-10db

2. frequency: 2115 Me

3. polarization: linear or elliptical

4. bandwidth: 0.5 percent maximum

5. mechanical considerations: same as link A.

Link C: SLRV-to-Surveyor

1. gain: pattern to provide maximum uniform directivity in azimuth

plane with minimum degradation to +20 degrees out of this plane

2. frequencies: (a) range of 30 to 400 Mc

(b) range of 2100 to 2300 Me

3. polarization: horizontal or vertical

4. bandwidth: linear variation from 1 Mc to 30 Me to 5 Me at 400

Mc (these are maximum values)

5. diplex considerations: antenna may be common for transission

and reception

6. heights: approximate antenna heights above local terrain are 15

meters for the Surveyor :rod 2 to 4 meters on the SLRV.

7. mechanical: same as link A.

8. bearingaceuraey: +Sdegrees

Use of I,ink C at a frequency other than the DSIF one, which is 2100 to 2300 Me,

will require additional antennas on the Surveyor and these, therefore, need to be

considered in this study.

Links A and B may be considered to have the same propagation paths, and thus the

following angles are pertinent to both:

( 1 l_oeation of landing spot on moon:

( 2 Lunar libration :

(5

(4

Subtended angle of earth:

l._xeursion of vehicle axis from

local vertical during motion:

II. 2-100
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Fig. II. 2-40 illustrates the antenna coverage required for the maximum extent of

these angles. This amounts to a maximum coverage of 280 degrees and reduces

to a.minimum of about 160 degrees if the landing spot is at zero degrees latitude

and longitude. Presumably a reasonably precise knowledge of the landing spot

will be available prior to launch and can be preset into the stabilization system.

The mission length will be sufficiently long that the full libration angles will be

transversed. These could be pre-programmed as a function of time, however.

Thus, in principle only the 70-degree movement of the vehicle relative to local

vertical and the 360 degrees in azimuth will need to be corrected for in the an-

tenna pointing. However, a fixed antenna on the vehicle such as for Link B will

need to have the 140- to 280-degrees coverage, dependent upon the exact landing

spot.

NORMAL

LOCAL VERTICAL

MAX. t

i MAX. INCLINE __

Figure H.2-40. Antenna Coverage Required for Maximum Communications

Coverage of 280 Degrees
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Conical Dipole

Application: communication between Surveyor and SLRV

Electrical characteristics: omnidirectional azimuth pattern vertical

polarization dual-band operation

( VHF and S-band )

The geometry of a conical dipole is defined by an angular dimension (the cone-

flare angle) and a linear dimension (the cone length). Only the latter of these

two parameters is a function of frequency change. A characteristic of the conical

dipole is its broadband impedance properties, as shown by the curves of Figure II.

2-41 (a). Another characteristic is the reduction in length at the first resonance.

In the example shown, the half-length at first resonance is 45 degrees (or i/8

wavelength); thus the over-all length is only l/4 wavelength.

For the first resonance at an arbitrarily chosen VHF frequency of 400 Mc, a flare

angle of 50 degrees will give a second resonance at 2295 Me. The balanced input

resistances will then be 40 ohms and 180 ohms, respectively, at the two frequen-

cies. A simple composite matching transformer may then be designed to give an

impedance match at both frequencies to a feed line having a characteristic imped-

ance of, say, 200 ohms.

The curves of Fig. II. 2-41 :b) show the elevation patterns of the conical dipole at

both frequencies with respect to a linearly polarized isotropic source. The angle

0 is measured from the axis of the dipole. The 400 Mc pattern is practically the

same as that produced by a half-wave dipole. However, the 2295 Mc pattern is

considerably broader, giving approximately isotropic coverage except for small

null cones at the poles.

Fig. II. 2-42 shows the conical dipole dimensions and details of one feed method.

The lightweight transmission line may be made of three narrow aluminum strips

on a mylar ribbon. The center strip is fed against the two outer strips to form

a coaxial-type line. The equipotential outer strips join to the truncated tip of the

lower cone, and the center strip extends to the tip of the upper cone. The match-

ing transformer may be incorporated in this terminal region.

Advantages :

Simplicity in construction

Small size at Vttf." (only 1/4 wavelength in height)

1)ua 1 -band ope ration

Very broad elevation-angle coverage at 2.3 kmc.
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Figure H. 2-41. Impedance and Elevation Patterns of the Conical

Dipole Antenna at 400 Mc and 2295 Mc
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Turnstile

Application: communication between Surveyor and SLRV and between

Earth and SLRV.

Electrical Characteristics: hemispherical coverage, horizontally

polarized in azimuth plane (0 = 90°),

circularly polarized at pole (0 = 0°).

_-'_3 3/8"_

I I
I I

CROSS-SECTION

DETAIL OF CONE
FEED

7 I/4"--_" _/4 AT 400MC

I I
I I

_3-WIRE TRANSMISSION LINE

Figure II.2-42. Dual-Band Conical Dipole
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The turnstile antenna consists of crossed dipoles fed with equal amplitude voltages

in phase quadrature. A perfectly circular pattern is obtained in the plane of the

turnstile for very-short dipole elements. The slighly narrower pattern produced

by practical half-wave dipoles results in an amplitude variation of 0.9 db in the

azimuth plane (Figure II.2-43}. The gain figures are relative to a linearly polarized

isotropic source.

I

INFINITESIMAL

DIPOLES

Figure II.2-43.Azimuth Patterns of Turnstile Antennas (_ = 90°)

The curves of Fig. II. 2-44 show the signal variation with respect to a circularly

polarized source as measured in the elevation plane with circularly polarized an-

tennas. Also plotted is the ellipticity, or axial ratio, indicating that the radiation

is circularly polarized at the poles and linearly polarized in the azimuth plane.

For simplicity in calculations, these radiation properties as well as those that

follow for other low-gain antennas are based on the use of infinitesimal unit-radi-

ators which produce patterns having rotational symmetry about the 0 = 0° axis.

Practicr! antennas would produce only small departures from these idealized

characteristics, as indicated in Figure II.2-43.
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(o)

TOP VIEW

_ _ -_----j

I I
I I

I
I I
I I
I
| [1 I

SIDE VIEW I

I
I
I

CROSSED DIPOLES

FED IN QUADRATURE

PHASING

3

z

(9

-Io

-15

(b)

CW GAIN CCW GAIN

/

A.R

/

\ /
\ I

I
I I
I I

I
-20

O 20 40 60 OO I00 120 140 160 IBO

ELEVATION ANGLE, e (DEGREES)

Figure II. 2-44. Signal Variation as Measured with Circularly
Polarized Antennas

A closer approximation to these theoretical patterns may be realized by employing

crossed ra(tiators made in the form of "fan" or triangular elements (Fig. II.2-45 (a)).

As with the cone, a fan dipole at first resonance is considerably shorter than a half-

wave in over-all length; this reduction in lenglh is also accompanied by a broader

dipole pattern more closely approximating that of an infinitesimal dipole.

If an un[urlable turnstile ,antenna with foreshortened fan elements must operate

at a lower VIII' frequency, one approach would be to print the fans on dielectric

sheets hinged at their edges to form a "four-page I)ook," which opens with the

sheets locking at right angles.

In the or(lin:/ry turnstile having crossed dipoles fed in t)hase (luadraturc, each

(lif)ole must 1)(, matched to ()brain the equ:tl po\\er (livisi()n necessary for a sym-

metrical ,azimuth pattern. ,ks the dipoles are shortenc(l belo\v first res(m:,nce,

the VS\VI/ incrc:ts(,s as illustratcd in Fig. II.2-45 {b), and thc azinmth pattern

becomes bicli)'(,cti(m,_t. An cqu:_lizing network, shown in Fig.II. 2-46 (a), may

be emt)loyc(I t() ov(,rcomc this problem. This network has txxo (luartcr-wave lines

branching from the input port t() feed the orth()gonal dipoles. Two resistors are
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joined across the quarter-wave lines as indicated. No power is absorbed by the

resistors for an incident wave traveling from the input to the dipoles, since no

potential is developed across either resistor. If the crossed dipoles are mis-

matched, however, the two reflected waves will arrive at the resistor terminals

out of phase because of the round-trip differential phase lag through the quarter-

wave phasing line. These waves, being out of phase, cannot feed into the input

(Fig. II. 2-46 (b)). and the reflected power is completely absorbed by the resistors,

as illustrated in Vig. II. 2-46 (e). Thus the radiated power of the two dipoles is

equal, independent of their mismatch, at the cost of wasted power in the resistors.

Fig.11. 2-46 td) illustrates the relative magnitude of the power lost with respect to

the VSWR of the crossed dipoles. It is seen for example, that even a 4:1 VSWR

results in only a 2-db loss in power gain.

Array of Four Tilted Dipoles

Application: communication between (t) Surveyor and SLRV, and

(2) Earth and SLRV.

Electrical Characteristics: improved hemispherical coverage.

It is noted from t-'ig. II. 2-43(b) that the turnstile has a 6-db drop in gain from the

zenith (_= 0 °) to the azimuth plane (_i = 90o). An improved hemispherical cover-

age may be obtained with an array of four tilted dipoles in the form of a square

(Fig.II. 2-47 (a)) and fed in progressive phasing. By proper choice of the.' square

dimensions (S) and the dipole tilt angle ((_'), circular polarization may be pro-

duced in the azimuth plane as well as at the zenith. This is illustrated in Fig_lre II.

2-47 (b), whieh shows the axial ratio characteristic and circularly polarized gains

with rest)oct to a circ'ularly polarized is()tropie source. It is seen that the co\'er-

age for one sens( _ ol ci_'cular polarization is considerably improved as compared

with the simple tul'nstile, which has identical clockwise and counterclockwise pat-

tern shapes. l'h_ _ desired sense of circular polarization in the upper hemisphere

for this arra3 is e()ntl'_)lled by the direction of the dipole tilt angles and the sense

of tht, (lii),_lc phase t ×citations. The patterns of Fig .II. 2-47 (b)are produced by

a spacing (,f at)pr,)ximately one-third xvaveleng-th bet\_een opposite dipole elements.

Thus the, size of this arr:ty is small in terms of wawqengths.

.\ zimuth l)i_'e('tion ].'in(t(,r

.\l)l)li(,:lti()n: dil"ceti()n fin(tel' on Su_'vcvo)" t() locatt, SI,IIV in azimuth;

c()mmunicati()n betwet'n Sul'veyol' and St.Ilk:.

l,ilt,('t i'ie:ll ('h:_l'aetc _'istics : omni(li_'t'cti()nal azimuth t)attern, vertical

p()larizati_)n azimuth direction fin(ling.
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Figure II.2-47. Array of Four Tilted Dipoles

A direction-finding array designed for a typical VHF frequency of 400 Mc is pic-

tured in Fig.II. 2-48 (a). Four equally spaced vertical dipoles are joined by open-

wire lines to circuitry at the center of the array. This circuitry, shown in Figure II.

2-48 (b), consists of two square hybrids made of balanced quarter-wave line sec-

tions. Signal at the input labeled "o mode" will feed all four dipoles in phase.

Signal at the "+l-mode" input will energize the four dipoles _ progressive p._smg.

There will be no cross-coupling between the two inputs.

The radiation patterns produced from power.applied at either of the inputs are sim-

ilar in shape, each being a "doughnut" type essentially omnidirectional in azimuth,

with nulls along the vertical axis. However, the far-field phase for the 0-mode

input is constant for all azimuth angles, while the phase for the +l-mode input is

proportional to the azimuth angle. Therefore, a comparison of the received phase

between the two ports gives the azimuth direction of the incoming wave without

ambiguity. Either port may also be used for communication.
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Figure II.2-48. Direction Finder, Four Vertical Dipoles

As the spacing D between opposite dipoles decreases, the azimuth patterns for the

two ports become more circular. On the other hand, a reduced spacing increases

the impedance-matching problems. A value of D = 0.31_ was chosen for the de-

sign of Fig. H.2-48 (a) as a satisfactory compromise. For this spacing the great-

est azimuth pattern variations is 1.0 db. This will cause a maximum bearing error

of +3 degrees at azimuth angles of 22.5 degrees, 67.5 degrees, etc. No error occurs

at angles of 0, 45, or 90 degrees, etc.

The circuitry of Fig. II. 2-48 (b) may be made in a very compact form by winding

the quarter-wave line sections as bifilar coils, as shown in Figure II. 2-48(c).The

entire circuitry may then be enclosed within a container about 1.5 inches on a side.
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Elevation-Azimuth Direction Finder (Turnstile plus single axial

radiator )

Application: direction finder on SLRV to obtain 0, q5 bearings on

circularly polarized signals from Earth; reception

of 2.3-kmc command signals from Earth.

Electrical Characteristics: hemispherical coverage; direction-

finding in two coordinates (0, _b ).

This antenna is a combination of the horizontal turnstile previously described and

a single vertical radiator located at the turnstile center. Circularly polarized

patterns in the elevation plane for each of these two decoupled components are

plotted in FigureII.2-49(a)with respect to a circularly polarized isotropic source.

The pattern for the vertical radiator (0-mode) has nulls along the vertical axis

(0 = 0°, t80 °) and a maximum value in the azimuth plane (0= 90 °). Hence the

ratio of the amplitudes for the two ports (plotted in Figure H. 2- 49 (b) is a measure

of the bearing from the 0 = 0 ° axis. The azimuth bearing ( _b ) may also be ob-

tained from a phase comparison between the two ports. Thus,

information is obtained to control the pointing toward Earth of

mitting antenna on the SLRV. Hemispherical coverage is also

+l-mode port for reception of commands from Earth.

complete bearing

a high-gain trans-

obtained from the

"o

Z

(.9

+'F I
1MODE

0 V __,......._ _.- O MODE

-51- I Iz I _ \\\

-,o- ii _ \X

',
0 20 40 60 80 I00 120 140 160 180

ELEVATION ANGLE 8 (DEGREES)

(b)

20
o

II:

O 0

I I

I I I I I I
0 20 40 60 80 mOO IZO 140 160 '80

ELEVATION ANGLE 8 (DEGREES)

FigureII.2-49. Direction Finder, Turnstile and Single Axial Radiator
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Elevation-Azimuth Direction Finder (Array of four tilted dipoles

plus a single axial radiator)

Application: improved direction finder on SLRV to obtain 0, qb

bearings on circularly polarized signals from Earth;

improved reception of 2.3 kMc command signals from

Earth.

Electrical characteristics: more than hemispherical coverage;

direction finding in two coordinates

(0, _).

An improved direction finder may be made by combining an axial radiator

(0-mode) with the array of four tilted dipoles (+l-mode) previously described

in Fig.II. 2-47. The elevation patterns for circular polarization obtained from

the two separate ports are plotted inFigureII.2-50(a)with respect to a circularly

polarized isotropic source. Bearings for 0 and ¢ are obtained as in the preceding

direction finder. On comparing Figure H.2-49(a) and FigureII.2-50(a), itis seen

that the broader coverage of the four-dipole array gives an extended useful range

for the 0-bearing. determination. The amplitude ratio of the signals from the two

decoupled ports is plotted in Figure II.2-50 (b). The maximum dimension of either

of the two direction finders described in Figure H.2-49 and II.2-50 less than 2.5

inches for a design frequency of 2.3 kMc.
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Work has now started on determining the effect of ground reflections on the accuracy

of the bearing for the various direction finding systems considered. If necessary,

a study will be made on modifications of the antenna components to reduce the

ground pickup.

Directive Antennas for SLRV, Single Helix

Application: medium-gain SLRV antenna for 2.3-kMc transmission
to Earth.

Electrical Characteristics: circular polarization, 14-db gain.

The end-fire helix is a simple, lightweight antenna of moderate gain for transmis-

sion of the 2.3-kMc data from the SLRV to Earth. Circular polarization is inher-

ently obtained from this type of antenna. Figure II. 2-51 showsthe design of a single
helix having a gain of 14 db. The spiraled conductor is printed on a thin-wall di-

electric cylinder. If it is necessary to unfurl this antenna, the cylinder may be

made of a gas-inflated mylar tube. Another technique employs a self-erecting,

flexible, foam cylinder to support the spiral. Since the helix is very broad band

in both the radiation and impedance characteristics, it is relatively uncritical to

minor variations in its geometric dimensions.

NOTES:

f : 2295 Mc

GAIN : 14. db

A.R.(CALCULATED) '_" 0.5 db

Z P" 140,._

9 TURNS

PITCH ANGLE=I2.5 °

!.). pF_ TUrN

--_ 1.65"

¢--0.125'

1.14"

c_
ALUMINUM SPIRAL _ ._

PRINTED ON DIELEC- _._
TRIC CYLINDER

1.0"

FEEDPOINT

o..,, PLANE

Figure II.2-51. Single-Helix Design
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Although increased gain may be obtained by lengthening the helix, mechanical prob-

lems of stowage, erection, and pointing makes this unfeasible, and a multiple-helix

array is preferable,

Four-Element Helix Array

Application: high-gain SLRV antenna for 2.3-kMc transmission to

Earth

Electrical Characteristics: circular polarization, 20 db gain.

A directive antenna having 20-db gain may be formed from four of the helices

described in FigurelI.2-51. This array is approximately one cubic foot in volume.

For an open-wire transmission line feeder, a simple means may be employed with

this array to avoid the use of baluns. One pair of the helices is rotated 180 degrees

with respect to the other pair as shown in the front view of Figure H.2-52(a). This

rotation introduces a 180-degree phase difference, which is compensated by feed-

ing from a balanced transmission line. Short lengths of strip transmission line

join the helix inputs to the open-wire terminals at the center of the array. The

relative patterns in the major planes are plotted in Figure II.2-52(b).
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Figure II. 2-52. Four-Element ttelix Array
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The characteristics of other combinations of helices have been studied. For the

ll-inch helix unit described in Fig. II.2-51, a summary of the results is given

in Table II.2-11.

TABLE II. 2-11

CHARACTERISTICS OF VARIOUS COMBINATIONS OF ll-INCIt HELICES

Number of ll-lnch Helices

8

l0

14

22

Aperture Size (inches)

18 × 20

18 × 28

18 × 35

31 × 35

Gain ( db )

23

24

25

27

Another applicable design recently completed at RCA is an array of seven helices on a

circular aperture of 16-inch diameter. In this case the helices are 6.7 inches long.

Complete data on the antenna design and steering mechanism is available upon request.

Yagi Antenna

Application: as a medium-gain element in a directive array for

2.3-kMc transmission from SLRV to Earth.

Electrical Characteristics: 12-db gain; circular polarization

(using crossed Yagi elements ).

Circularly polarized directive antennas may also be made of unit elements other

than helices. Two possibilities are the "disk-on-rod" end-fire antenna and the

Yagi antenna using orthogonal parasitic elements. As these two approaches are

u_-,u_u here. linearly oiarizedv_I.2¢ _aLL_, is Ine p

Yagi ofFigureII.2-53 (a),designed for 2.3 kMc, consists of one reflector element

and four director elements. Major-plane patterns are plotted in FigureII.2-53(b).

For circular polarization, the Yagi suffers a disadvantage as compared to the

helix in that a more complicated launcher is required.
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Figure II. 2-53. Yagi Antenna

Rhombic Antenna

Application: medium-gain antenna for 2.3-kMc transmission from

SLRV to Earth,

Electrical Characteristics: 13- to 16-db gain; circular polariza-

tion; low efficiency.

Some consideration has been given to long wire directive antennas such as the

rhombie. Although very inefficient with regard to the space occupied, the rhombie

is one of the simplest means to obtain medium gains, particularly if the side-lobe

level is notcritieal. The example illustrated in FigurelI.2-54(a) for 2.3kMehasa

gain of 13 db and dimensions of 16 inches in width by 28 inches in length. Two

stacked rhombics of this type will give a gain of 16 db. Two linearly polarized

sets oriented at right angles and fed in phase quadrature can be employed to obtain

circular polarization. A mylar double-cone assembly eouldbe used (Figure II. 2-54(b))

as a simple means to obtain an inflaL_ble rhombic array.
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Figure II.2-54. Rhombic Antenna

The Parabola

Application: high-gain antenna for 2.3 kMc transmission from
SLRV to Earth.

......................_,**pv,_xL_aL,un;low aperture

efficiency;simplest distributionsystem.

The curves of Figure II. 2-55 give the beamwidths and gains of a parabolic reflector

antenna in terms of the aperture diameter. These data are probably somewhat opti-

mistic at the lower gains because of the increased blockage area of the circularly

polarized feed for smaller reflectors. In general, the inherent lower efficiency of

parabolas requires an aperture area about twice that of well-designed broadside

arrays. A more detailed discussion of the parabola for this particular application

is given in the mechanical summary.
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Figure II. 2-55. Parabolic Reflector Antenna

Planar Array

Application: high-gain antenna for 2.3-kMc transmission from

SLRV to Earth.

Electrical Characteristics: circular polarization; high gain; high

ape rture efficiency.

A major objection to the planar array of low-gain elements has been the increased

complexity of the distribution network and the large number of unit radiators.

Recently, however, study has been started on a printed circuit technique that might

possibly reduce these problems to a practical level.

In this system, a number of unit radiators made in the form of crossed slots

{Figure II. 2-56)are made in a planar conductive sheet. Each unit radiator is fed,

as indmated, from printed circuit strip transmission lines from opposite sides of

the sheet to excite orthogonal polarizations. Thus, the radiator is amenable to

circularly polarized radiation.
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STRIP LINE
INPUT FOR
HORIZONTAL
POLARIZATION

45 °

.INE INPUT
FOR VERTICAL ,POLARIZATION

METAL PLANE

CROSSED TRIANGULAR
SLOTS CUT IN METAL
PLANE

Figure II. 2-56.

STRIP LINES LOCATED ON OPPOSITE SIDES
OF METAL PLANE.

EACH LINE EXTENDS ACROSS CENTRAL
GAP AND JOINS TO PROJECTING METAL
TIP, A.

Crossed-Slot Radiator

Corporate networks on either side of the sheet may be made, as indicated in Figure

II. 2-57(a), to provide equalpath lengths to all radiators. Thus, the directive beam

is broadside to the sheet at all frequencies. The detail of Figure H.2-57(b) shows

one possible method of maintaining impedance-matching throughout the network re-

gardless of the number of unit radiators.

Fial]r_rt 9-_ _lh,_--v.,_4- ..... ...__ _.C,Lt-................... a o_,:_,.u, uJ. t,uv array showing the layout of the distribution

networks with respect to the crossed slots. Since such an antenna would radiate a

bidirectional pattern; another reflector sheet, spaced approximately one-quarter

wavelength away, is required to produce a unidirectional pattern.

Table II.2-12 gives some idea of the possible configurations at 2.3 kMc for various

gains.

It is possible that such an array could be made as an inflatable assembly of very low

weight and relatively high efficiency. Further study on this approach will be made

to determine its feasibility for this particular space application.
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TABLE II.2-12

POSSIBLE CONFIGURATIONS OF PLANAR ANTENNA ARRAY

(2.3-KMC TRANSMISSION )

Number of Elements

4

i6

64

256

Gain (db)

13

19

25

31

Side Dimension (inches)

8

16

32

64

. Mechanical and Mounting

High-Gain Antennas ( Link A )

It is assumed that the high-gain antenna must be steerable because

of the narrow beamwidth. Investigations into steerable antennas indicates that

most of the weight (better than 80 percent) is, from a weight consideration, almost all

in the gimbal and servo-drive system. The conclusion may therefore be drawn that

any type of compact radiator may be mounted on the gimbal and used.

The compactness is important because the vehicle folds up into the stowage position,

and the antenna package must fit the vehicle under these conditions. The linear ar-

rays offer the most performance for the least volume over optical types at this gain.
Bo_ types will be discussed below.

Steerable Arrays

Figure II. 2-59 shows one possible arrangement of a steering mecha-

nism that will probably package quite compactly within the folded vehicle. It is an

elevation-on-azimuth mount with the elevation axis offset to the side. This results

in a height saving, for when the array points at zenith, the elevation mechanism is

fully retracted. The unbalanced moment would be less if this axis were located on

the center line of the army, but this would necessitate some form of mechanism to

retract the whole mount at a considerable weight penalty. The locked axis position

is at the zenith, which is the extension of the azimuth axis. This would better be

located on the horizon as would be the case with an X-Y mount, but this is not pos-

sible without locating the X-Y axes at an elevated position, at the center of the ar-

my, as explained above.

The helix array may be collapsed like bed springs if additional clearance is re-

quired when the vehicle is folded. Variations in the array may be considered, such

as the single-helix or four-helix array or other arrangements within the space
limitations.
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Figure II.2-59. SLRV High-Gain Steerable Antenna

The weight of the entire configuration can be kept to a minimum if the tracking

speeds and accelerations are low. Some speed such as 5 degrees per second with

an acceleration of 10 degrees per second may be reasonable. Direct-current

motors would give the most efficient operation from a power and weight stand-

point. The over-all weight of the antenna, gimbal, and drive system would

be in the 5- to 8-pound range. It would be difficult to design a system of 5 pounds

or less to meet the expected operating requirements. Static power requireme_,ts

(no signal) would be 1 or 2 watts, and peak power 5 to 10 watts. The duty cycle

would be low at the expected operating mode of the SLRV.

Steerable Dishes

The dish must be larger in diameter than the array for equal per-

formance at this gain. Small dishes (4 to 5 it) tend to be scatterers rather than col-

limators. If the performance of a 25-inch dish (5 it) were adequate (assumed) this

would mean that it must be folded to meet the stowage requirements. An inflatable

or an umbrella system could be used to achieve this end.
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To be steerable and for the dish to clear the wheels and structure, a mast would be

required at least 12 inches high. The umbrella must be folded up, tilted down

parallel tothemast, and the whole assembly laid down fiat on the vehicle to be

equal in stowage volume to the array. This would involve a prohibitive weight

penalty.

No easy way is seen to make a steerable inflatable dish either, since the diameter

of the dish represents a penalty that cannot be easily overcome. For these reasons

the dish is not as good a solution as the steerable array. If higher gains are re-

quired the dish may be the only solution, but weight penalties must be expected.

Low-Gain Antennas

All of the low-gain antennas at S-band are relatively light in weight.

The turnstile with a monopole for direction finding will weigh less than one tenth

of a pound. If elevation above the vehicle is required the weight will increase, and

if a mechanical retracting system is required for vehicle clearance in the stowed

position then the weight may be multiplied several times.

A VHF antenna will be heavier, but only by a matter of a few ounces. Probable

weight is in the vicinity of a quarter of a pound for this antenna at 400 Mc. The

mast will become more complicated and heavier, particularly if mechanical re-

traction is necessary.

Other configurations with more elements will weigh correspondingly more, although

it is believed that most types will represent less than 5 percent of a total Communi-

cations Subsystem weight of i0 pounds.

If 30 Mc is selected and/or a higher mast is required, the inflatable self-rigtdizing

solution proposed by GM-DRL may be the best solution to the weight and stowage

problem. In such a case, the dipoles would become part of the inflate.

3. Selected Designs

VHF Antenna for Surveyor

General Description

The antenna array pictured in Figure II. 2-60 consists of four
vertical dipoles of height H, equally spaced on a circle of radius S. The dipole
elements are made of two light-weight wires forming a 'Wee" for greater band-
width. Each dipole is joined by an open wire, balanced transmission line to the
feed network at the center of the array. Two transmission lines extend down-
ward from the feed network to the communications and direction-finding equipment
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in the surveyor. Inputs to these two decoupled lines produce azimuth patterns which

are approximately circular but differ in their far-field phase progressions with azi-

muth angle. For direction-finding, the azimuth bearing of the incoming wave is a

function of the phase difference between signals received at the two network ports.

Either port may be employed for the communications link.

Antenna Theory and Design

Theoretically, an infinite number of vertical dipoles arranged in a

circular ring array will produce a perfectly circular pattern in the azimuth plane when

"VEE"OIPOLES_

I
I

TWO OECOUPLEO

INPUTS

FEED NETWORK

Figure II. 2-60. Communications/Direction-Finding Antenna for Surveyor
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the dipoles are fed with equal-amplitude signals having an integral number (H) of com-

plete cycles of phase progression around the circle. Thus, all dipoles are fed in-

phase for H : 0, and are phased in proportion to the azimuth angle for H : 1. It is

appal:ent from symmetry that the far-field phase progression in the azimuth plane will

vary in the same manner as the ring excitation phasing.

These idealized patterns may be closely approximated by a simple antenna array of

only four, equally-spaced dipoles arranged on a very small circle (S--_0). Such an

array, however, falls into the supergain category for the tt - 1 m_de, resulting in

very high Q and poor efficiency. Hence, the radius of the circle m,_st be increased

for practical configurations. This increase is accomplished by variations from cir-

cularity in the azimuth patterns for both types of mode excitation. Figure II. 2-6I(a)

shows typical departures from circularity for the H = 0 mode as the radius, S. is in-

creased. Similar data for the H = 1 mode are given in Figure II, 2-61(b). It is ob-

served that a maximum for one mode occurs at the same azimuth angle as a minimum

for the other mode,

The relative field pattern in the azimuth plane for the H = 0 mode is:

and for the H = 1 mode:

where

cos (kS cos_) _ cos (kS sin 6) (II. 2-102)

sin (kS cos dp) _ j sin (kS sin ¢), (II.2-103)

k = 2.__, and dp is the azimuth angle.

The circularity of the azimuth pattern may be defined as the ratio of the maximum to

the minimum values of field.

From equation (II. 2-102) for H = 0,

F(¢=O °) 1 + cos kS

circularity = F(¢ = 45 °) -

2 cos("---_KS)

(II. 2-104)

From equation (II.2-103) for H = 1,

circularity = F(6 45 _)
F (C5 : 0 °)

\,'_- sin (_-_2 kS) (II. 2-105)

sin kS

II. 2-125



G M DEFENSE RESEARCH LABORATORIES _) GENERAL MOTORS CO RPO R ATIO

TR64-26

(Q) H"O MODE

._.t--

(b) HII MODE

Figure If.2-61. Typical Azimuth Patterns for a Four-Dipole Array with

Increased Radius

The circularity ratios (in db) are plotted in Figure II 2-62 as a function of S/h. It is

noted that the H = 0 mode has a more circular azimuth pattern for any value of the

radius, S.

The theoretical gains relative to a linearly polarized isotropic source are plotted in

Figs.II. 2-63(a) and 2-63(b) for the two mode excitations. These data were calculated

by the mutual impedance method for thin-wire, half-wire dipoles, assuming no ohmic
losses.

Curves for the resistance and reactance of individual dipoles in the array are plotted

in Figure H.2-64 against the circle radius in wavelengths. These curves are for

theoretical half-wave dipoles with no ohmic losses, and are presented to illustrate the

general type of impedance variation rather than as actual values that might be obtained

in practice where the dipole length, shape, and feed termination can introduce con-

siderable variations.

It is seen from Figure II 2-62 that as S approaches zero, the dipole impedance for

H = 0 is equal to four times that of a free-space dipole (73.2 + J 42.5 ohms). For

H = 1, the dipole impedance approaches zero as S becomes smaller. Hence, too small

a radius complicates the impedance matching problems in the network circuitry and
increases the ohmic losses.
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Next to be considered are the far-field phase variations for the two types of excitation.

From equation(II. 2-102)it is seen that the phase is independent of the azimuth angle

for the H = 0 mode. From equation {II . 2-103) ,the phase angle, ¢, is:

¢ = tan-I sin (kS sin ¢) (II.2-106)
si, (kS cos ¢)

Thus, as S approaches zero, the far-field phase angle is the same as the azimuth

angle. Also, ¢ = Cfor Cequal to multiples of 45 °, i.e., 0 °, 45 °, 90 °, etc.

°4012.0

i H= I

0
0 0.1 0.2 0.3

Ilk

Figure 1I. 2-62. Azimuth Pattern Circularity
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Figure II.2-63o Gain Versus S/_ for the H = 0 and H = 1 Modes
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Figure II. 2-64. Individual Dipole Impedance

The maximum difference between ¢ and ¢occurs at the intermediate angles of
¢ -- 22.5 ° , 67.5 ° , etc., for which

¢ = tan-1 sin (0.382 kS)
sin (0.923 kS) (II. 2-107)

This relationship is plotted against the radius, S/h, in Figure II. 2-65. It is to be

noted that this difference is not a bearing error, since a calibration curve can be con-

structed for a given radius to obtain the true bearing.

From a study of the above data, a ring radius of 0. 167 h was chosen as a suitable

compromise. A calibration curve is given in Figure 12.2-66, which relates the cor-

rect azimuth bearing to the measured phase difference between the two ports.

Expressions for the relative field patterns in the elevation plane are:

H = 0 mode

For ¢ = 0°, . F = [1 + cos (kS sin 0)] D o
(H. 2-108)
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sin O) ] DO (II.2-109)

(II.2-110)

¢ = 45°; F = [ sin 2 sin O) ] D O (II.2-111)

where D O is the relative field pattern of a single dipole element.

Using these expressions, polar elevation patterns for S = 0. 167 h are given in Figures

II.2-_67 and -68 in db, for the two modes with respect to an isotropic source. This

radius is 13.1 inches at the frequency of 150 Mc chosen for the SLRV-to-Surveyor

line. The overall height, H, of the dipoles will be approximately three feet at this

frequency.

From Figure II. 2-62 the azimuth pattern circularity is 0.25 db for the H = 0 mode

and 0.75 db for the H = 1 mode. Referring to Figure II. 2-63, the H = 0 mode gain is
1.6 db +0. 2 db and the H = 1 mode gain is 2.9 db +0. 4 db.

For the Surveyor-to-SLRV communication link at 120 Mc, the radius, S, is 0. 134 h,

giving a H = 0 mode gain of 1.8 db +0. 1 db and a H = 1 mode gain of 3.0 db ±0.2 db.

From previous experience in antenna designs of this type, a bandwidth of at least 5%

and a VSWR of 1.2:1 can be obtained for the director-finding array at 150 Mc. An addi-

tional matching element at the triplexer output will possible be required to obtain a
match at the 120 Mc band.

It is estimated that the phase difference between signals received on the two feed lines

will be within £ 1.5 ° of the azimuth bearing angle. This figure includes the distorting

effects caused by the Surveyor, but exclude multipath errors due to terrain variations.

Feed Network

The feed network for the two types of mode excitation as first proposed*

is drawn in Figure II 2-69(a). This circuitry consists of two square hybrids made of

balanced, quarter-wave lines (D. A signal at the H = 0 mode port will feed all four of

*See Paragraph E.
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ELEVATION PATTERNS
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Figure II.2-67. Polar Elevation l_ttern for S = 0. 167 _ for the H = 0 Mode

with Respect to an Isotropic Source
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Figure II. 2-68.
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Polar Elevation Pattern for S = 0. 167 _ for the H = 1 Mode

with Respect to an Isotropic Source
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Figure II, 2-69. Feed Networks for Two Types of Mode Excitation

the dipoles (labeled N, S, E, and W) in phase. An input at the H = 1 mode input will

energize the four dipoles in quadrature phasing because of the two line transpositions

in the hybrids and the quarter-wave phasing line. It is apparent from the circuitry

that there will be no cross-coupling between the two ports.

For input at the H = l mode port, equal power division to the four dipoles is provided

by this network if the dipoles are matched over the desired band of frequencies. Iden-
tical mismatches of the four dipoles results in both amplitude and phase distortion of

the azimuth pattern. A means for insuring the pattern symmetry independent of the

dipole matching is shown in the modified block network of Figure II. 2-69.

In this network, an input at the H = 0 mode port feeds the four dipoles in-phase as be-

fore. However, additional quarter-wave elements and resistors have been added to the

circuitry. Input power at the H = 1 mode port splits equally through two quarter-wave

line sections to the N-S and E-W hybrids. No power is absorbed by the two resistors

from this incident wave, since no potential is developed across either resistor when

connected as shown. If the dipoles are mismatched, however, the two reflected waves

will arrive at the resistor terminals out of phase because of the round-trip differential

phase lag through the quarter-wave phasing line. These return waves, being out of

phase, cannot feed into the input and the reflected power is completely absorbed by the

resistors. Thus, equal powers ar_e radiated by the four dipoles, independent of their

mismatch, at the cost of a small amount of power lost in the resistors. The fraction

of power lost is equal to the square of the reflection coefficient from the dipoles. For

example, a VSWR of 2:1 at the dipoles results in only 0.5 db power lost.
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The final choice of the feed network type will depend upon actual impedance bandwidth

measurements made on an experimental model of the antenna. The chosen feed net-

work may be made in very compact form by winding the quarter-wave line sections as

bifiler coils, which may be enclosed in a small container at the center of the array.

An alternative approach would be to join the labeled terminals indicated in Figure

H.2-69 directly to the dipole. Thus, two line sections extend from each dipole toward

the central region of the array where the eight lines are appropriately joined as dia-

grammed in this figure. The feasibility of this approach will be determined after fur-

ther detailed study of the final mechanical design of the array and the particular mech-

anical system employed for unfurling the dipoles and support arms. It is estimated
that the maximum loss in the feed network will be 0.5 db.

Mechanical Design

This antenna (Figure II. 2-70(a)) is estimated to weight one pound,

based upon a design using light-weight tubular elements, or beryllium hair-pin springs.

The folding and method of construction of the elements would be governed in part by the

type of mast, and method of folding or stowing the mast. For example, the elements

might have to fold into a short length if a telescoping mast were required, but might

easily be made of spring-loaded hinged or semi-rigid members if a whip type mast

is selected. Any of these possible designs for a compact folding antenna should fall

within the estimated weight of one pound.

In one concept of the antenna it will be folded in two planes, fiat against a mast.

(Figure II.2-70(b)). The folding is accomplished by spring loading the elements, and

spring loading a pair of parallel linkage support arms for each of the four pairs of

elements (Figure II.2-70(c)). In the stowed position, the antenna is held by a ring.

As the mast extends the elements are pulled free of the restraining ring, and pops

open into position.

There are other possibilities for folding, one of which is to make the elements and

support arms of spring wire and spring tape, coiled up in the 8towed position. When

released, all would spring into position. The choice of method, not to be limited to

the above suggestions, should result from a more detailed study and design effort in

subsequent phases, when more is known about the compatibility requirements.

Locating this antenna on Surveyor is a real problem, as it must clear the high-gain

antenna and solar panels and be located at an adequate height for good DF and gain

characteristics. A long telescoping mast from the vehicle landing gear or structure

will be heavy. No easy way is seen to mount it on the present mast, since the VHF

mast will interfere with the linkages for the array and solar panel. However, this is

the best location, if a way can be found to avoid the difficulty mentioned. This results

in a short light mast that will raise the antenna well above the vehicle. However, ro-

tation of the main mast may also rotate the VHF antenna.
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Figure II.2-70. Mechanical Design of the Proposed VHF Antenna for Surveyor
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The lightest solution would be to locate the VHF antenna around the main mast below

the solar panel and array. But this cuts the height above the lunar surface approxi-

mately in half, with obvious disadvantages.

For a mechanism, the cold-gas telescoping mast is one solution. The mast and

mechanism weights of the Radiation Detector and Geophysical Experiment booms, as

used on Surveyor, will give an approximation of the weight for the VHF antenna mast.

If the VHF antenna could be located on the main mast and erected by the same cold-

gas mechanism, some weight could be saved. This might be accomplished if the VHF

mast were to telescope within the main mast. A STEM* device might also be used to

extend the VHF antenna and form the mast. A small D.C. driving motor would be re-

quired, (or a spring motor} to unwindthe device.

No decision has been made on the construction of the two transmission lines to the VHF

antenna. A pair of open wire lines is attractive from a loss standpoint and would be

light. However, they will be difficult to coil and keep in proper relation to each other.

A pair of printed lines on a thin mylar film tube would be light. A coiled plastic spring

might be used to keep the film stretched into tubular form when extended. Small min-

iature coaxial cable is another possibility.

Further studies in greater detail are required to solve the mast, location, extension

method, and transmission line construction problem. Required are more detailed in-

formation about the vehicle, the stowage and rigidity requirements, and other design
limitations.

VHF Antenna for SLRV

Description

The antenna proposed for operation at 120 Mc and 150 Mc on the SLRV

consists of a vertical monopole fed against a ground plane of four horizontal wires ex-

tending radially from the base of the monopole. These ground wires and the monopole

are approximately one-quarter wave in len_h at the midband frequency of 135 Mc.

The monopole is made of two wires forming a "Vee" similar to halfof the dipole ele-

ment employed in the Surveyor array. Itis expected that the broadbanding effected

by this single "Vee" monopole will be sufficientto cover both the transmitting and re-

ceiving bands with a VSWR of 1.5:1 or less. The antenna gain will be approximately

2.0 db with respect to an isotropic source.

Mechanical Design

This antenna, less mast, is estimated to weight 0.5 pound. Figure

II.2-7I shows an oblique view of it.

*DeHavilland Aircraft of Canada, Ltd., Malton, Ont.
STEM: Storable Tubular Extendable Member
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Figure 12.2-71. VHF Antenna Design Proposed for Location on SLRV

Here, as in the Surveyor VHF antenna, the problem with the mast is compatibility

and weight. There are several alternatives possible as far as the mast design is con-

cerned. These are:

1) Telescoping mast with a cold gas ejector bottle. The weight of

this type can be estimated from the booms for the Radiation De-

tector and Geophysical Experiment on Surveyor. This will prob-

ably be the heaviest solution to the problem, but it has the ad-

vantage of compactness when in the restricted position. The an-

tenna and ground-plane elements would be made of beryllium

spring tape, slightly dished, or spring wire, both of which will

spring out into position when released.

2) A STEM device to extend a coiled tape which forms a tube as it

unreels. It can be driven with a spring motor, or D.C. motor de-

signed for a single extension or operation.

3) A whip mast which bends enough to go within the payload compart-

ment of Surveyor, and which springs erect as the SLRV is dropped

free onto the Lunar surface. This would probably be the lightest

design, provided that a mast can be designed to bend within the

available space, and be rigid enough when erect to meet the re-

quirements of the system. It must not snag on the Surveyor as

the SLRV is dropped free.
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4) An articulated mast composed of short tubular sections joined

with spring-loaded hinges which snap open and lock as the mast

erects. There are other possibilities which come to mind, the

feasibility of which, along with those mentioned, can only be

shown after more detailed study and design. The whip seems to

offer the best solution, based on present knowledge.

The feed line problem is somewhat dependent on the type of mast. For example, if a

metal whip mast is selected, the feed line center conductor could be run up the center

of the mast in a coaxial arrangement. If a Fiberglass mast proved to be feasible, this

and other feed designs may be possible. For example, the outside surface could be

coated with a metallic film making a coaxial arrangement, or parallel lines could be

printed on the surface of the plastic.

The final design of mast will depend on the rigidity, stowage, and weight requirements,

and these will become available in a later phase of the program. The feed line design

can be integrated into the mast design after these parameters are known and design

concept settled.

Transmission Lines

Two types of transmission lines are considered for this application:

unbalanced coaxial lines, and balanced, open-wire lines.

Coaxial lines have the advantage of being completely shielded, and thus introduce no

electrical problems caused by proximity to metallic structures, etc. On the other

hand, the feed network circuitry has a simpler design and broader bandwidth when

constructed of balanced transmission line sections. In addition, no baluns are re-

quired at the dipole terminals. Hence, at this stage of the antenna design, an open-

wire transmission line is preferred to conventional coaxial lines. A very light-weight

line can be made by two parallel aluminum strips to a Mylar ribbon. If subsequent

design of the terminal equipment requires coaxial inputs, baluns may be employed to

convert the balanced lines to unbalanced terminals.

Preliminary estimates of line losses are 0.5 db to i. 0 db for the Surveyor array at a

height of 18 feet, and 0.5 db for the SLRV antenna at a height of 12 feet.
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F°
PHYSICAL CHARACTERISTICS OF S-BAND AND VHF COMMUNICATIONS
CON FIGU RATIONS

This discussion contains tabulations and plots of physical characteristics of

both S-band (for "Direct" Earth/SLRV/Earth routing) and VHF (for SLRV/Surveyor/

SLRV relay routing) communication equipments. The data are grouped as follows:

1. Data Used for Tradeoff Studies

Table II. 2-13:

Fig. II. 2-72:

Fig. II.2-73:

Fig. II. 2-74:

Tabulation of S-Band Transmitter and Receiver Physical

Characteristics.

S-Band Transmitter Characteristics

Note: This is a plot of the transmitter data contained in

Table II. 2-13.

Weight versus Frequency for VHF Transmitters of various

Output Power Levels.

Power Input versus Frequency for VHF Transmitters of

various Output Power Levels.

. Physical Characteristics "Direct" (S-Band) and "Indirect" or Relay (VHF)
Configurations

Table II. 2-14-

Table H. 2-15:

Table 1I. 2-16:

Physical Characteristics for Representative S-Band "Direct"

Configuration on SLRV.

Physical Characteristics for Individual Units of Recommended

VHF Relay Configuration.

Physical Characteristics for Total Surveyor and SLRV sections

of Recommended VHF Relay Configuration.
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G. SIGNAL DEGRADATION DUE TO NOISE BUILDUP IN .RELAY OPERATION

When radio signal energy is transferred between two terminals by means of an

intervening relay device, noise energy is introduced at the relay location, which con-

taminates the signal energy beyond that which would have occurred if the signal energy

had been transferred directly (without the intervening relay}. This contamination is

permanently introduced in non-coherent detection processes and will partially con-

taminate coherent processes. The residue degradation will either produce inferior

data quality at the final terminal, or must be compensated by increases of the system

gains in the link between the initial transmitter and the relaying device. The amount

of increase that would be required is dependent upon the equivalent carrier-to-noise

ratio at the final receiving terminal, which would provide the desired performance

quality for a direct link.

To derive the parametric compensation that would be required in the communications

between the SLRV and the DSIF terminals when the Surveyor is used as a relaying

device, the model shown in Fig. II.2-75 is used as the starting point. Since the

solution will be provided in parametric form, the direction of signal transfer is im-

material and will be introduced by the appropriate selection of the desired C/N ratio

at the receiving terminal. For general simplification, the following assumptions

will be made as illustrated in Figure ]I. 2-75.

SURVEYOR

PNI t RECEIVER

TRANSMITTER
GROUND

PS I

RS = PN---_

TRANSMITTER l RECEIVER

SLRV DSIF

\
__ PS2

PN PS 2

RD = PN'_

Figure ]I. 2-75. Basic Relay Model
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(i) Direction of traffic flow is from the SLRV to the DSIF, whether the trans-

fer is through the Surveyor as a relay or not.

(2) The range between the SLRV and DSIF is identical to that of the Surveyor

to DSIF, in the first approximation.

(3) Frequency of operation will be identical for both SLRV and Surveyor in the

first approximation.

(4) The transmission spectrum at the output of the Surveyor transmitter is

identical to that of the transmitter at the SLRV, although additional base-

band noise is present.

The above set of assumptions is intended to normalize the characteristics of the relay

link to those of the direct link, such that the incremental increase of power output for

the SLRV transmitter due only to the relaying process can be evaluated. Actual power

levels must be computed on the basis of the specific links, without the restrictive as-

sumptions necessary for the case of the relay model.

Analysis of the basic relay model shown in Fig.II. 2-75 indicates that the signal energy

received at the input terminals of the Surveyor due to the output power, P ,_ , of the

transmitter at the SLRV (accounting for the link gains and losses) is identified as P s, •

However, due to the noise susceptability of the Surveyor receiver, noise energy, P _, ,

is also received. Thus, the power output of the Surveyor transmitter will be the re-

sult of the composite signal and noise energy and the overall gain characteristic of the

Surveyor receiver and transmitter as a relay device, Gr. This output can be expressed

as:

P Ts : PSs _ a PN s O- (_<<1 (II.2-109)

where P output power of the Surveyor transmitter,
T5

P = G P = amplified signal energy at the output of the Surveyor transmitter,
$5 r 51

P,_s = Gr P_, = amplified noise energy at the output of the Surveyor transmitter,
and

(z = the noise improvement factor attained by the detection process in the Sur-

veyor receiver.

If the ratio of input signal energy to total input energy is defined as f_, then

[3 Psi (II. 2-110)
,P

PN 1 s I
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[_ = Psl/PN1 R s
- (H.2-111)

1 _ Psl/PN1 1 + R s

and the components of signal and noise energ-yin the output of the Surveyor transmitter

can beexpressed as:

R G
s s

Pss 1 + R (Psi ÷ PN2) = Rs Gs PNI (II. 2-112)
s

and

PNs = a G S
1 + R; (Psl + PN i ) = aGS PNI (I1.2-I13)

Equation (II. 2-109) can be rewritten as:

PTS = GS (Rs + a) PN1 (H. 2-114)

At the input terminals of the DSIF receiver, the carrier-to-noise ratio can be ex-

pressed as:

Rd _ PS2 _ m PTS

PN2 PN2

(K. 2-115)

wllt;lt_ 111 18 I, ll_ pI*UJJUI-LIUIIi:It._ part u, ..,= o,_ v=_,,.,, uu_VuL IJuW,_- LIt_,L _.lJpU_lJ.;_ across

the terminals of the DSIF receiver, due to the link gains and losses.

If the energy of PTs were the result of a pure signal (R s = 4, R dwould be the resultant

carrier-to-noise ratio, and this would be the equivalent of a non-relayed link. How-

ever, for the relayed use, P Ts is not pure signal, but a composite of signal and noise

energy. Thus, the equivalent carrier-to-noise ratio at the DSIF receiver can be ex-

pressed as:

Ps2 (]-I. 2-116)R d
eq PN2
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mR s
• p

where P s2 m Pss = m R S G S PNI R • cz TS
S

P N2 = m PNS _ PN2 - mrz G S PN1 PN2

m Rs---2--$c_ rs PN2

By substituting these into equation (II. 2- I16),

from which

R S

R d R smPTs R *a

Rd = S = (II. 2-117)
a R d _ R S * a

eq. a

m PTS R S * cz * PN2

R d (R s * a)

Rd _n (H. 2-118)
R S - a R d

eq

/

R d (Rs* i)
_q (II.2-119)

R s - R d
eq.

where R s : R s ..

Equation (II. 7-10a) can be interpreted as the relationship between the carrier-to-noise

ratio required at the DSIF receiver (Rd), when the relay mode is used to the carrier-

to-noise ratio at the DSIF receiver (R deq) if the relay mode were not used, in terms

of the adjusted carrier-to-noise ratio at the Surveyor receiver (Rs). This adjusted

carrier-to-noise ratio is that value which would be present if the Surveyor receiver

had no detection process to provide baseband noise improvement.

The values pertinent to the relationship of equation (II. 2-119) are plotted in Figure II.

2-76o Several characteristics are apparent from equation (II.2-119) or Figure II. 2-76:

(1) Rd = Rd_q onlywhen R_/ = -

/

(2) R_ R deq

(3) For any value of R d_Q' (Rd) ( R/ s 2 R deq_) is minimum when R '
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The first condition is a reiteration of the non-relay condition, while the second indicates

the permanent trait of the noise contamination. However, the third one indicates that

the total power requirement for the combined SLRV and Surveyor can be minimized if

the carrier-to-noise ratio at the DSIF is used to dictate the design level for the carrier-

to-noise ratio at the Surveyor by a +3-db differential.

Fig. II. 2-77 is a repIotting of Fig. II. 2-76 to illustrate the degradation of the C/N

ratio at the DSIF, unless the SLRV transmitter power is proportionately increased to

compensate for this action.

R[LAY CIN

08

1 , | l | | 1 I i

6 e I0 12 14 II I| 20

EFFECTIVt C/N[OB)

Figure IIo 2-76. Relationship Between Effective and

Equivalent C/N Due to Intermediary Relay C/N
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Figure II. 2-77. Degradation in C/N Due to Intermediary Relay
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H. VHF DIRECT EARTH/SLRV/EARTH BACKUP CONSIDERATIONS

Ignoring the frequency allocation/interference problem,' the possibilities of

backup VHF direct Earth/SLRV/Earth communications is worthy of consideration.

1o Earth/SLRV Commands

If the Surveyor S-band receiver or VHF transmitter were to fail, a backup 150
Me link direct Earth/SLRV could be employed to send commands to SLRV. Perform-

ance of such a link would approximate that of the S-band Earth/SLRV link discussed in

Section II. 2 by using the same DSIF 85-foot parabolic dish. That is, the reduction in

antenna gain at the lower frequency would be compensated for by the reduced space loss,

since these functions both vary as the square of the carrier frequency. A gain over the

S-band link would be 7 db due to lower receiver noise figure, but losses would include a

10-db C/N ratio requirement and wider IF due to instabilities. These losses about

nullify the 7-db noise figure improvement, so performance would remain close to the

10 .s BEP (bit error probability) given in Paragraph B.

2. SLRV/Earth Communications

In spite of the path-loss/antenna-gain cancellation, the performance of this link

would be inferior to the S-band because of the increase in system noise temperature as

contrasted to use of the maser. Also, if a conventional FM receiver (limiter/discrtmi-

nator detection) were used rather than phase-lock demodulation, a higher C/N ratio

would be required. If phase-lock demodulation is employed, the noise figure differential
would be about 4 db.

Thus, as contrasted to the results of Paragraph B, an antenna gain on SLRV of about 19

db would be required with a 2-watt VHF transmitter, in order to achieve threshold in

the DSIF receiver (3.3-Mc bandwidth) for 90% of the time, assuming the 210-foot dish

case. Since only pseudo-omni-type antennas are proposed for SLRV, this additional 19
db would have to be achieved on the ground, if video reception were a requirement. Since

bxx_ M,LV--LUUb _Jili_U JLC_JJLC;OC_IlbCl ¢1, _¢tl.lg UJL O'J Uk/ t_l,l, JLgJ_/ _VJLU, W_ WUIALU llt:_t;_U. _ _/d_JL/l UJ. _) I.IU IUJL"

the video (TV) case, This requires a structure over 1600 feet in diameter.

If we neglect additional antenna provisions, the 210-foot dish will permit the thresholding
of a VHF receiver of noise bandwidth equal to 19 db less than 3.3 Mc, or about 40 kc.

This shows that the telemetry data and narrowband video could be received if such an

alternate TV capability were provided on SLRV. (In this respect it is worth noting that

Surveyor has an emergency narrowband video of only 1. 2 kc, for which a 4.4-kc noise

bandwidth is provided in the DSIF receiver).
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A. INTRODUCTION

This appendix represents the detailed analyses which were used to

arrive at conclusions and preliminary designs.
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B. MODUS OPERAND I FOR THE SLRV POWER SUBSYSTEM STUDY

1. Selection of Generators

A study was conducted of existing power sources which could be applied to the

program. It was apparent that the only feasible types for this mission were

• Solar Array

• Radioisotopic Thermoelectric Generator (RTE)

Q Radioisotopic Thermionic Generator (RTI)

Effort was concentrated solely in these areas.

2. Establishment of Power Requirements

In the next step, initial power requirements were established for mission

performance in three cases. These were:

(1) Indirect

In this method, the Surveyor is used as an intermediary (up-link as well

as down-link) in communicating with the SLRV.

(2) Direct

Communication with the SLRV is direct from the earth ground station

(the Surveyor does not participate).

(3) Hybrid

Up-link communication with the SLRV is direct; down-link communica-

tion with the SLRV is indirect (via Surveyor).

3. Preliminary Power Duty Cycles

Preliminary power duty cycles for the indirect link were established for two

surface conditions: a relatively rough moon and a relatively smooth moon. Duty cycles

for the direct and hybrid links could be readily obtained by providing for the increased

communication requirements.

4. Parametric Curves

With establishment of the power duty cycles, it was then possible to establish

the range of loads presented to the power subsystem.
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It was readily apparent that parametric curves would be required at this point. This

was due to the following reasons:

(1) The load requirements of the subsystems were still being refined.

(2) The mission profiles were constantly being reviewed as a function of the

power duty cycles, reliability aspects, earth contact time, hibernation,
etc.

(3) The power duty cycle obviously would influence the size and type of power
source selected.

(4) The power subsystem itself was in a state of flux. It was not only de-

pendent on items (1) through (3), above, but also on performance param-

eters of subsystem elements as well as the system design.

In short, because of the interdependence of these items, parametric curves would in-

dicate the direction of further study, as well as the necessary tradeoffs of perform-

ance and weight.

Parametrics were generated for RTE specific power output of 1.0, 1.5, and 2.0 watts

per pound (including converter). An orientable solar-array subsystem was compared

with the RTE on the same tradeoff basis. For the orientable array, it was assumed

that operation was effected solely from the storage battery. The solar array was ori-

ented normal to the sunline, to recharge the battery during non-operation (charge)
intervals.

It was expected that realistic tradeoffs could be made before a preliminary design of

the final system was completed. Although the final design could vary as much as 10

or 15 percent from the parametric study, this would not affect conclusions reached

in comparing the various systems.

These studies were conducted for both Goldstone and World-Wide Coverage, and for

three different cases of load requirements. The latter covered the range of interest.

. Vendor Data and Specification Approval

In the meantime, the following specifications were released:

(1) To JPL, an RTE specification to meet specified power and weight

requirements, for review and recommendation.

(2) To RTE vendors, requests for parametric data.
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(3) To battery vendors specifications for silver-zinc and silver-cadmium
batteries to facilitate a tradeoff comparison both for "state-of-the-art"

and projected mission requirements.

(4) To solar cell vendors, specifications for "state-of-the-art" and projected

solar-cell data.

. Subsystem Improvements

In order to further reduce the over-all weight of all the power subsystems, a

number of refinements were made. These included:

(1) The Multiple-Cycle Approach

By increasing the number of operational cycles, the battery could be

smaller. While the integrated operational energy would still be the

same, the smaller duty cycle requires less energy storage from the

battery. Limiting conditions here are battery-cycle lifetimes, and

increase in both charge and discharge rates.

(2) Change to World-Wide Contact

By changing to World-Wide contact, another weight saving resulted. The

limiting "charge rate" could be averaged over 24 hours rather than the

12-hour contact provided by Goldstone. Moreover, the over-all mission

time-interval would be shortened. It might be possible to complete the

mission in one lunar day, or at worst in approximately 1.5 lunar days.

Thus, hibernation survival would at most be required for one lunar night

only, with a large portion of the mission already accomplished.

. Final Power Duty Cycle

Final power duty cycles were generated for a "smooth" and a "rough" moon.

These were based upon final requirements of all the subsystems and selected mission

profiles.

. Final Configuration ofo Fixed Solar Array and RTG* Design

By the time the vehicle stowage had been configured into the straddle mode,

it not only met the c.g. constraints required for the Surveyor, but also provided more

latitude for the power-generator configuration. The RTG thermal rejection problem

was considerably simplified. Moreover, it was possible to use a fixed solar array

which could provide power during operation. This affected a further reduction in

system weight.

*RTG (Radioisotopic Generator is a generic term including both the RTE and RTI)
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o Preliminary Design Stage

(1) Fixed Solar Array

Several fixed arrays were reviewed and the best of these were selected.

(2) RTE

Two RTE's were developed for SLRV: one ("state-of-the-art") using lead-

telluride thermocouples, and the other (next generation) using silicon-

germanium. The maximum power capability of each was determined for

operation in the configuration envelope.

(3) Both General Atomics and Martin-Marietta contended that the RTI was

impractical for this mission, because of delivery requirements. There-

fore, this system was discarded.

Final inputs were received from the vendors on the specifications originally submitted.

As a result of these inputs, it was necessary to adjust performance parameters.
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C. GENERAL DISCUSSION OF POWER SUBSYSTEMS

An initial study was conducted into various power subsystems and conversion

techniques, in order to highlight those best suited to the SLRV mission. Table II. 3-1

lists the power subsystems considered and the major disadvantages of each. The con-

clusion reached is that the three most likely power subsystems are photovoltaic (solar)

cells, radioisotope thermoelectric generators (RTE), and radioisotope thermionic gen-

erators (RTI). The study effort, therefore, was concentrated on these systems.

TABLE II. 3-1

POTENTIAL POWER SUPPLY SUBSYSTEMS FOR THE SLRV

Energy
Source

Nuclear

Fission

Radio-

Isotope

Solar

Energy

Storage

Not

Required

Secondary

Bakeries

or

Thermal

Storage

Secondary
Batteries

or

Thermal

Storage

Conversion

Technique

Dynamic

Thermionic

Thermoelectric

Dynamic

Thermionic

Thermoelectric

Dynamic

Thermionic

Thermoelectric

Photovoltaic

Comments Relevant to SLRV Power

Supply Subsystem

Minimum reactor weight is much too heavy for

mission.

Minimum reactor weight is much too heavy for

mission.

Minimum reactor weight is much too heavy for

mission.

Disadvantages: complexity, unavailability, and

possible weight penalty.

Disadvantages: Low output voltage, high con-

verter weight, schedule problems.

Disadvantages: Requires large
radiator.

Requires precise orientation of solar collector,

heavier than solar photovoltaic for low power

levels.

Requires precise orientation of solar collector,

heavier than solar photovoltaie for low power
levels.

Requires precise orientation of solar collector

heavier than solar photovoltaic for low power
levels.

Main disadvantages of system is lack of growth

potential.
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TABLE II.3-i (Continued)

POTENTIAL POWER SUPPLY SUBSYSTEMS FOR THE SLRV

Energy
Source

Chemi-

cal

Energy

Storage

Fuel

Tanks

Primary
Batteries

Convers ion

Technique

Dynamic

Fuel Cell

Comments Relevant to SLRV Power

Supply Subsystem

Weight of storage and conversion apparatus

too heavy.

Too heavy for the total mission energy re-

quirements.

Too heavy for the total mission energy re-

quirements.
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D. ORIENTABLE SOLAR ARRAY

In the initial phase of the study, consideration was given to a rolled-up stowage

mode for the SLRV aboard the Surveyor. A feasible configuration for this stowage

mode is a single planar array mounted on the rear axle.

Conservatively, it assumed that no power is generated during locomotion. To pre-

pare for charge, the vehicle is turned so that the vehicle axis is coplanar with the

sunline. Then the array is elevated so that it is normal to the sunline. To prepare

for operation, the array is retracted so that it is vertical. In this state, power will

be generated only when the sun illuminates the array from the rear. However, this

effect is difficult to assess, since it is dependent upon the vehicle path in relation

to the sun, as well as the sun elevation angle. Hence, this effect was neglected in the

estimation of required subsystem weight.

For the orientable array, the array area was restricted to about 4 square feet pro-

jected in order to meet SLRV stowage requirements within the Surveyor as well as ve-
hicle clarances.

This type of array requires a relatively heavy battery, since all energy during opera-

tion is obtained solely from the battery. The multiple-cycle approach and world-wide

coverage were used to reduce the battery weight. However the re-

sultant battery weight is still so heavy that the desired mission cannot be met with

the allocated system weight. However, the analyses performed for the fixed array

in the following sections indicate how the mission may yet be met.
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E. SOLAR-CELL DATA

A study has been made of the photovoltaic devices available for this mission.

Figure II.3-1 illustratesthe variations of efficiencyversus temperature for three

types of glass-covered solar-cell shingles, namely, silicon P-on-N, silicon N-on-P,

and gallium arsenide. The cellefficieneieschosen represent cells which are readily

available at a reasonable cost. This choice will serve for the purpose of illustration.

Table If.3-2 liststhe efficienciesand efficiency-degradation of the three celltypes.

It should be recognized that some discrepancies exist for the degradation factor in

source literature, depending upon the method of measurement; however, the values

used are substantially correct.

Figure II. 3-1 indicates that gallium arsenide can only be considered if its air-mass-

zero efficiency at 25°C is within approximately 1 percent of the silicon cells. Con-

sidering that higher efficiency silicon cells are available and the current state-of-the-

art of gallium-arsenide cells, the latter cannot compete.
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Figure II. 3-1.

TEMPERATURE(°C)

Efficiency versus Temperature for Silicon and Gallium Arsenide

Glass-Covered Solar-Cell Shingles
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TABI_E II.3-2

EFFICIENCY AND DEGRADATION OF SOLAR CELLS

CORPORATI

Cell Type

Silicon P-on-N

Silicon N-on-P

Gallium A rs enide

Effic%ncy of glass-covered shingle at

25°C and air-mass zero (percent)

9

9

7

Efficiency

Degradation

factor (%/°C)

0.50

0.50

0.29*

*Technical Documentary Report No. ASD-TDR-63-516, Volume II, dated

December, 1963. Contract No. AF33(657)8493

Thin-film cadmium-sulfide ceils have also been investigated. The power-to-weight

ratio obtained with this cell is considerably higher than is possible with single-crystal

silicon or gallium arsenide. A ratio as high as 30 watts per pound has been obtained

from single cells. Itowever, thence cells have not undergone any flight testing to date.

Moreover, thc lma efficiency of these cells requires a substantial area, which makes

the use of this cell impractical for the SLRV design. For this reason, thin-film cad-

mium-sulfide will not be conMdered for this mission.

1. Further Investigation of Solar-Cell Efficiencies

It was apparent that an increase in operating time could be obtained with an in-

crease in solar-cell efficiency. In order to establish the availability of solar cells of

various eificiencies, a survey nf the industry was conducted involving five solar-

cell vendors. The five vendors were asked to give cost estimates for five cell shingles

covered by a 0. 006- inch [used silica, with anti-reflective coating and a blue-red

filter. (A five-ceil, t x 2-era shingle was chosen as the basis for the estimates,

because this configuration is one with which all vendors are familiar). The informa-

tion provided by the five vendors has been evaluated and adjusted in accordance with

AED experience with c.ach vendor on other programs. The results are shown in Table

II. 3-3. The costs have been normalized to the highest cost quoted for a shingle

having an efficiency of 10%.

The estimate at this time indicates thal. minimum effieiencies of 10 percent P/N or

N/P from the solar-cell shingle can be obtained without entering the region of very

high costs.

2. Temperature Effects

The temperature det)endence, of solar-cell current-voltage curves is generally

expressed in terms of tbc temperature dependence open--circuit voltage and short-

circuit current.
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TABLE II.3-3

RELATIVE COSTS OF SOLAR CELL SHINGLES OF VARIOUS EFFICIENCIES

Vendor Designation

A

B

C

E ffic iency*

9.5%

0.70

0.84

0.77

i0.0%

0.88

1.00"*

0.85

***10.5%

1.93

*Efficiencies are for air-mass zero, 25°C, 139.6 mw/cm _ sunlight.

Shingles have 6-mil cover glass, blue-red filter.

**Costs are arbitrarily normalized at the vendor, B, 10% quote. For

example, the price quoted by vendor C for a 10% efficient shingle is

85% of the price quoted by vendor B for a 10% shingle.

***N/P only

The range of open-circuit voltage and short-circuit current temperature coefficients

presented by various solar cell manufacturers and by AED measurements is shown in

Table II. 3-4. It is significant that these values were determined under various light

conditions, with different types of cells, and over different temperature ranges.

The numbers selected for projection of current-voltage (I-V) curves to various tem-

peratures are: -2.2 mv/°C and +0. 025 ma/°C, at open-circuit voltage and short-

tions. This is particularly significant in the case of current-temperature relationship
because the current is spectrally sensitive.

3. Current-Voltage Curves

The curve shape which was used to represent the 10-percent efficient shingle

was determined from an average of current-voltage curves of modules used on the

Nimbus program. This curve was adjusted to indicate a shingle efficiency of 10 per-
cent at 25°C, air mass zero, and at an incidence of 139.6 mw/cm 2. The translation of

the curve to represent the shingle output at temperatures other than 25°C was per-

formed using the temperature coefficient discussed above. The I-V curve was trans-

lated laterally and vertically to the new short circuit voltage points. The shape of the
curve was maintained.
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TABLE II.3-4

TEMPERATURE COEFFICIENTS

MOTORS CORPORATI

Vendor

Designation

A

B

C

D

E

\ Voc
(mv/°C)

\T

-2.29

-1.78

-2.20

-2.05

-2.26

,%Isc

_ T

+.025

+.048

+.035

(ma '°C)

A Voc

A T

AIsc

A T

change in open-circuit voltage (my)

change in temperature (°C)

change in short-circuit current (ma)

change in temperature (°C)
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, Radiation Considerations

Document EPD-98, Revision 1, indicates that expected radiation damage is not

considered sig-nificant. However, a brief study was conducted into the possible effects
of radiation encountered in the mission.

Radiation encountered by SLRV can be described as follows:

Electrons and protons encountered during transit through the radiation
belts;

Protons encountered during the period of travel from ten earth radii to the

hmar surface; and

Protons encountered as a result of a solar wind occurring during the lunar
lifetime.

The total 1 Mev equivalent electron flux is calculated in Table II. 3-5.

Cell Degradation

Solar-cell degradation due to radiation is estimated to be approximately

7.5 percent, based on data available on RCA-Mountaintop N-on-P solar cells (see

Figure II. 3-2). As shown below, sputtering effects can reduce solar-cell output by

an additional 3 percent, thus increasing the total loss to 10.5 percent. Also, the loss

is time-dependent; hence, the 10.5-percent total loss represents the maximum ("worst-

case"} degradation. Although P-on-N cells have been selected for the Surveyor, it is

probable that N-on-P cells will be selected for SLRV, in order to take advantage of
their superior radiation-resistance characteristics.

The cover glass recommended is Corning 0211 microsheet, which has a significant

price advantage over fused silica, and does not materially compromise the radiation

resistance characteristics for a vehicle having a relatively short mission lifetime

such as SLRV. This will be further reviewed in the Phase II program.

Coatings on the cover glass will be anti-reflective on the top surface and blue-red on

the bottom. The anti-reflection coating on the top surface of the cover glass will re-

duce surface refl_ctioas and lhus effectively increase transmission by about 3 per-

cent. The blue-red filter has an optical transmission from approximately 400 milli-

microns to approximately 1100 millimicrons. This filter gives the solar array lower

_e ratio than a blue filter, thus permitting the array to operate at a lower tempera-

t-_re and increasing the effective power output. Blue-red filters have been used on

the Nimbus so!ar modules and have been subjected to extensive thermal testing from
-_0°C to +66°C.
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TABLE II. 3-5

RADIATION ENCOUNTERED BY SLRV

CO RPORATIO

Irradiation Type

Electrons encountered

in radiation belts

Protons encountered in

radiation belts

Solar flare protons

Solar wind protons

Equivalent 1-Mev

Electron Flux in electrons/cm

1.34 x 10,2

4.1 x 10,2

14.0 x 10 '2

low energy (negligible)

Total 19.44 x 10 '2
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Figure II. 3-2. Solar-Cell Degradation in the Radiation Environment
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Adhesive for the bonding of cover glasses to the solar cells will be Furane 15E or an

equivalent. Furane 15E* has been used successfully on other space vehicles and shows

no appreciable radiation degradation for the radiation levels calculated in Table II. 3-5

Sputte ring

Impact of the solar-wind particles {assumed to be low-energy ions)

may cause the surface material to wear away. The rate of removal of microsheet or

for fused silica is given by

L (my) 0 A
Ne

where

L

tl2

v

O

A

N

e

is the rate of removal of a layer of material (cm/sec);

is the particle density ( particles
C/I_ 3

is the particle velocity (1.5 x 108

x I0 s) ;

cm/sec) ;

is the sputtering coefficient, equal to 0.03;

is the atomic weight of fused silica (28g)

is Avogadro's Number, equal to 6.02 x 102 _; and

is the density of fused silica (2.3 g/cm3).

From this formula,

L = 7.08x 10 -s cm.

or, L =000007 cm removed by sputtering. This corresponds to an 0.46 percent loss of

cover-glass thickness. This could reduce transmission by about 3 percent due to the

loss of the anti-reflection coating on the upper surface of the cover glass. A!se af-

fected by a sputtering process would be any anti-static coating on the cover-glass
surface.

Assmnptions

(1) Travel time through the earth radiation belts is approximately 3.5
hours.

*Furane 15E bonded cover glasses have been thermally cycled between -80°C and

+60°C in excess of 1000 times, with only minor (less than 3%) degradation in solar-

cell output. Deterioration due to particle radiation is insignificant below 10 ' '

electrons/era 2 exposure.

II.3-15



GM DEFENSE RESEARCH LABORATORIES _) GENERAL MOTORS COR PORATIO

TR64-26

(2) Solar cells are N-on-P with 0. 006-inch thick fused silica (for

calculation purposes only) covers.

(3) Low-energy protons will be stopped by the glass covers (6-mil

glass effectively stops 5-Mev protons).

(4) Solar flare of one-week duration occurs during the flight of SLRV

or while it is operating on the lunar surface.

(5) Solar wind occurs during a solar flare.

(6) Solar wind particles are either low-energy protons or low-energy
iOns.

Approximately seventy percent of the equivalent 1-Mev radiation encountered (See

Table II. 3-6) results from a solar flare, which could occur at any time during the

vehicle's operational period or not occur at all. If it occurs early in the operational

period, most of the degradation due to radiation will take place then, and the array

output will be reduced for the duration of the mission.

The sputtering (wearing away) effect will occur only if a solar wind occurs, and then

only if the wind is composed of ions rather than low-energy protons.

. Shingle Qualification

Because the temperature extremes expected on the solar-cell arrays are

-130°C to +100"C, a thermal cycle qualification test for shingles must be conducted

during Phase II of the program. This test will extend the temperature limits to -140°C

and +110°C. The dwell times present in the lunar temperature cycle will not necessarily

be reproduced, but the number of cycles will be increased to include the maximum num-

ber of cycles that flight arrays would receive during ground tests and the lunar mission.
Tests of this nature have been performed successfully on the Surveyor panel and on

other programs, * although the temperature range for most of these have not been as

extensive.

Tests performed on the Surveyor panel indicate that cracked cover glasses may result

from exposure to lunar night. This is not expected to degrade the cell output by more

than 5 percent.

6. Dust Protection

Current theories concerning lunar surface composition were explored. The

theories wary from one which considers the surface to be composed of a one-hundred-

foot-layer of fine particles to a theory which says that the smallest particle is the
size of a baseball.

*At RCA, this includes Tiros, Relay and Nimbus.
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Assuming that s,)me provisions must be made to protect against dust, investigations
have been made of techniques for keeping camera lenses free of dust. Indications are

that the dust buildup will be due to electrostatic attraction, which can be reduced by

coating the sur[ace with an anti-static coating. This is a conductive coating (usually
tin oxide) through whicr, a current may be passed to break down the static attraction.

(This approach may not be suitable for this application). The effect of anti-static

coatings on optical transmission is currently being investigated. The use of anti-

static coatings which do not require the passage of an electrical current is a possibil-

ity. However, there is no evidence that such techniques have proven feasible.

_l_e entire dust protection program needs further study, in the definition of the dust

environment, the minimizing of associated problems and the means necessary to
meet these requirements.

7. Configuration

It has been proposed that the SLRV solar-cell array consist of five-cell (1 cm

x 2 cm) solar cell shingles. Because of the unusual shape of the array, it may be

possible to cover a larger area with unit areas of 2 cm 2 , than with an array made up of

larger ceils. Luvestigations will be conducted during the Phase II program to determine

the feasibilit)- of using configurations other than the five-cell shingle, as well as reduc-

ing the thickness of the cells as a weight-saving measure.

8. Shingle Weight Reduction

Based on limited data it appears that a reduction in shingle weight is now a

practical accomplishment. RCA-Mountaintop has fabricated quantities of 14-rail

thick cells, both with and without a solder backing (on the P side). The following

table compares weights of the 14-rail and conventional 17-mil wafer.

Wafer

rf_Jickness - mils

(_ x 2 cm cells)

Weight

With Solder

Backing-j_'ms

Weight
Without Solder

Backing-_rm s

J7 0.242 0.187

]4 0.199 0.144

A shingle composed of five (1 x 2 cm) 17-mil wafers with connecting tabs, but without

glass filter, weighs _. 52 grams. Use of the 14-rail wafer with solder backs reduces

the shingle weight to 1.30 grams. Shingle weight based on the use of solderless 14-

mil wafers is 1.03 grams.
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This latter weight is optimistic because solder is required to shingle the cells together

and this is not included in the i. 03 gram weight. It is estimated that the additional

weight for solder is 0.15 grams, yielding a total of i. 18 grams.

The table below shows the weight of completed shingles:

Wafer Thickness (mils)

17 (with solder back)

14 (with solder back)

14 (no solder back; solder

added as needed)

Weight of Completed Shingle with

6-mil glass (gin)

1.82

1.60

i. 48

The fiEuro$ crated herein are bamed on a limited quantity of cell weight data and should

be reprded only am deeign Male. It ie anticipated that within the next few months in-

oreteed 14-raft wafer production will yield statistically significant weight information.
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F. ARRAY SUBSTRATE AND MATERIALS

1. Substrate for Orientabie Array

A preliminary investigation was performed to determine the material and section

details of the solar-._rray structural panel to be used for this program. A tentative selec-

tion was made of titanium-alloy 75A honeycomb-sandwich panel, with resistance-welded

core and skin brmzed to core. This appeared to be the lightest of the group investigated.

The total weight for this type panel is 2.21 pounds, based on an assumed square panel

of 4 square feet, which was originally developed for the orientable array. Fabrication
dimensions are as follows:

Total depth of section,

Thickness of skin,

Thickness of core foil,

size of core cell,

0. 375 inch;

0.007 inch;

0.002 inch; and

0. 1875 inch.

These dimensions were based upon the following additional assumptions:

0

0

Q

0

Area of panel, 24 inches square maximum surface area;

Manner of support, hinged on the top;

Location of panel, plane of panel normal to the longitudinal axis of the

spacecraft;

Vibratory amplification factor, 20; and

Loading conditions;

10 g longitudinal a_ la,_mch vibration, and

25 g llmar impact.

Table II. 3-7 lists various type of alloys, their core and skin sizes, allowable stresses,

margins of safety at launch condition, and weight per panel. Impact mn_dmechmnical

maneuverability conditions on the lunar surface are not critical, and thus they are not

listed. Molybdenum alloy was included in this investigation because its coefficient of

expansion is fairly close to that of silicon solar cells. From the standpoint of the ther-

mal stress developed, this combination seems to reduce the stresses. However, it is

uncertain whether this alloy can be satisfactorily fabricated into a honeycomb panel.

Table II. 3-8 lists the thermal coefficients of expansion and specific weight of the various
materials considered.

Till now, the investigation has been confined largely to the strength requirements,

brazed versus bonded type of panel construction, material availability for fabrication,

and strength-to weight ratio comparisons. It should be noted that the bonded-type panel
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TABLE II.3-8

THERMAL COEFFICIENTS AND SPECIFIC WEIGHTS OF

MATERIALS FOR SOLAR ARRAY

Material

Silicon Cells

Aluminum

Titanium

Molybdenum

Coefficient of Thermal Expansion

per °C at 20°C

4.2x 10 '

24 x 10 _

9x 10 '

6x 10 _

Specific Wt.,
Lb/in 3

0. 089

0. 098

0. 165

0.37

permits a reduction in skin thickness due to fabrication techniques. The various

metals selected for this investigation are aluminum, titanium, and molybdenum.

Because of the interacting thermal stresses (transient and steady state) in the adhesive

for the specified temperature profile, interface problems of solar cells bonded to the

honeycomb panel will probably requiz:e a large effort in the development program of
the solar array.

. Solar Array Bondin0 Materials

An investigation has been made into the bonding materials required for a solar

array which will mechanically withstand its intended environment and still perform its

intended function. Some possible materials which show promise are shown in Table

II. 3-9. These materials will be further investigated and tested in phase II.

. Substrate {or Fixed Array

A study was made to determine the total weight of the solar array substrate for

the fixed array shown in Figure II. 3-3. Computations were made on the basis of a

bonded honeycomb panel with titanium alloy sl_ins (0. 002") and aluminum alloy core.

Table II.3-10 lists calculations for 75g, 100g, and 150g response. These data were

then plotted on a normalized basis (see Figure III. 6-2), with the abscissa as the

dynamic load equal to the product of _ (the response g-loading) and Q (the applied

load in lbs/ft _ ); the ordinate is the weight of the substrate including the skins and

honeycomb panel only.

hi using this curve for determining the total weight of the solar array substrates, a

trial weight of the solar array substrates must be assumed, at the beginning, since
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TABLE II.3-9

ADHESIVE, INSULATING, AND STAKING MATERIALS

FOR USE ON SOLAR ARRAY

CORPOR ATIO

Material Use

G.E. LTV-602 - G. E° RTV-108 Cover Glass to Solar

Dow Corning Silastic 140 Cell Adhesive

Furane Epocast 15E

G.E. RTV-560 - G. E. RTV-511

Dow Coming Silastic 140
Conap Conathane 1520/AH-5

Conap Conathane 1921/048

Conap 1132
Union Carbide R-620

Normco 2030-85, 506, and 570

Emerson and Cumings Stycast 3070, 1090,
and 2850 G. T.

Conap 1921/048 - DuPont Adiprene/Moca L-100

Pittsburgh Plate Glass - Plymaster ACG-2009-20

*Bloomingdale Rubber Co. HT424

Shell Chemical Co. - Epon 422
AF 300

"Lithafrax" Powder 2121

"Lithafrax" Powder 2123

Solar Cell to Insulation

Coating Adhesive

Electrical Insulation

C o ating

Staking Material

Substrate Adhesive

Fillers

* It should be noted that Bloomingdale Rubber Co. HT424 has passed preliminary tests

conducted by Ryan Aeronautical Company.

the substrate weight is a function of the unknown total weight. For clarification of the

use of the curve, an example calculation is illustrated as follows for the array in ques-
tion.
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TABLE II. 3-10

TABULATION OF CALCULATIONS FOR VARIOUS "g" RESPONSES

Panel Area Panel Skin

{In 2) Depth Gage

A 308 .250 .002

B 150 .250 .002

C 480 .500 .002

D 64 .250 .002

E 49 .250 .002

F 88 .250 .002

G 99 •250 .002

Cell

Size

1/4

3/8

3/16

3/8

3/8

3/8

3/8

75 g Response

Core Bending Buckling M.S.

Density Stress Allowable

2.30 9,600 9,850 +.02

1.60 5,050 5,300 +.05

3.10 11,200 15,100 +. 35

1.60 2,360 5,300 Amp

1.60 1,290 5,300 Amp

1.60 3,040 5,300 +.74

1.60 3,640 5,300 +.45

Weight in lbs.

C ore

• 104

• 034

.424

•015

•012

•020

•023

Skin Total

•213 .317

• 104 .138

•332 .756

•044 .059

•034 .046

•061 .081

•069 .092

i.489

A 308 .250 .002 3/16

B 150 .250 .002 1/4

C 480 .500 .002 3/16

D 64 .250 .002 3/8

E 49 .250 .002 3/8

F 88 .250 .002 3/8

G 99 .250 .002 3/8

I00 g Response

3. i0 #/ft_ 12,800 15, I00

2.30 #/ft3 6,700 9,850

3.10 #/ft_ 14,900 15,100

1.60 #/ft_ 3,150 5,300

I. 60 #/ft_ 1,720 5,300

i. 60 #/ft_ 4,050 5,300

1.60 #/ft _ 4,850 5,300

+.18 .140 .213 .353

+.47 .049 .104 .153

+.01 .424 .332 .756

+.68 .015 .044 .059

Ample .012 .034 .046

+.30 .020 .061 .081

+.10 .023 .069 .092

1.540

A 308 .500 .002

B 150 .250 .002

C 480 .500 .003

D 64 .250 .002

E 49 .250 .002

F 88 .250 .002

G 99 .250 .002

150 g Response

1/4 2.30 #/ft ' 9,600 9,850

3/16 3.10 #/ft_ i0,000 15,100

3/16 3.10 #/ft _ 22,500 27,600

3/8 1.60 #/ft _ 4,750 5,300

3/8 1.60 #/_3 2,580 5,300

1/4 2.30 #/_3 6,100 9,850

1/4 2.30 #/_3 7,250 9,850

+.03 .210 .213 .423

+.51 .066 . 104 .170

+.22 .424 .498 .922

+.12 .015 .044 .059

Amp .012 .034 .046

+.61 .029 .061 .090

+.36 .033 .069 .102

1.812
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J

/ I. MIN WT BASED ON THE FOLLOWING DATA i

/ PANEL DEPTH; 0.2S0"
/ SKIN TH'K'.0,O02' Ti ALLOY

CORE DENSITY i 1.60 LBS/FTSALUM ALLOY

2BONDING MAT'L FOR CORE AND SKIN IS NOT INCLUDED

J SALLPANELS ARE SIMPLY SUPPORTED ALONG

ALL EDGES

J 4 AVAILABLE AREA FOR SOLAR CELLS=S.25 FT. 2

- _ NOMENCLATURES:

/ N=RESPONSE Q LOADING

1 Q =APPIED LOAD IN LBS PER SQI FT, (iNCLUDE WT,

OF SOLAR CELLS PLUS WT. OF BOND(NG MAT'Lr

_ PLUS WT, OF" SUBSTRATE)

MIN WT.=I. 14 LBS

t.OO I I 1 I
20 BO IOO IBO 200

DYNAMIC LOAD IN LBS PER SQ. FT.,NXQ

Figure II. 3-4. SLRV-Solar Array Substrates Weight vs. Dynamic Load

7.80 Ibs
q _ .945 lbs/ft 2

*8.25 It 2

A dynamic response of 75 g's are assumed. A usual amplification factor of 10 is

obtained in testing spacecraft with a longitudinal vibration of 10 g input. However,

a number of panels are vertical or almost vertical. Thus, amplification for these

panels wouid not be as iarge. _'urmermore, the array can be fabricated as one as-

sembly providing greater rigidity and reducing weight. Computations to determine

the ardplification factor require an analysis of the actual array, structural support,

rear axle, etc. which is a function of the actual design. For the dynamic response

of 75 g then, the dynamic loading,Tq = .945 x 75 = 71. From the curve the total

substrate weight = 1.60 lbs.

The center of gravity of the panel was computed based on this 75 g response loading

(see Table II. 3-11).The fundamental frequency of the largest panel (panel C) is ap-

proximately 400 cps.

* See Table II.3-1
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TABLE II.3-11

CALCULATION OF C.G. BASED ON 75g RESPONSE

Panel

A

B

W

•317

• 138

Z

9.25

13.05

Y

12.37

21.25

X

0

6.11

WZ

2.93

1.80

WY

3.92

2.93

WX

0

•845

C

D

E

F

G

Z

.756

• 059

• 046

.081

.092

1.487

7.07

15.86

13.00

10.41

19.00

12.19

7.00

5.00

i. 53

12.50

15.52

5.36

6.14

6.35

4.50

5.35

.94

• 6O

.84

1.75

14.21

9.22

•413

•230

.124

1. 150

17.99

11. 730

• 316

.282

.514

.414

14. I01

_,WZ 14.21

¢ - EW 1.487 :
9.55

YWY 17.99
Yc _ - 1.487 12.05

YWX 14.101
X : _ - 9.50

c 5.W 1.487

Sample C aleulation:

714 5 - lx2 cm shingles @ 1.52 gm/shingle

6 mil glass, 0.3 gin/shingle

Adhesives, diodes, wiring, RTV @ 1.40

gm/shingle (approximately)

Weight of substrate bonding material

Bloomingdale (HT-424)

Assumed weight of substrate

Total

Total Weight

2.40 lbs

0.50 lb

2.20 lbs

5.10 lbs

1.10 lbs

1• 60 lbs

7.80 lbs
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This calculation was based on the following conservative assumptions:

1. Response g loading is normal to the plane of every panel.

2. All panels are simply supported along all edges by a structural frame

which transmits the panel load to the rear axle.

3. The solar array will be mounted in the stowage position to avoid impact

between the array and the adjoining Surveyor structure.

4. Differential thermal ex.pansion between panels and their supporting struc-
tures are assumed small.

° Preliminary Testing of a Sample Panel

In order to determine the effect of temperature extremes on a Titanium faced

aluminum core bonded sandwich, Ryan Aeronautical Co. conducted thermal cycling

tests suggested by RCA. The procedure and results are outlined below.

The sandwich specimen consisted of. 010 Ti-75 facings bonded with Bloomingdale

Rubber Co. HT424 epoxy-phenolic adhesive to perforated Hexcel aluminum core of
1/4" hex and. 004 3003 H18 foil of 7.9 #/ft 3 density. The facings were prepared for

bonding by immersion in a solution of Bloomingdale's Prebond 700. The core was

cleaned with aliphatic naptha. The sandwich was cured by gradually raising the

temperature to 335 ° F. in 40 minutes and then holding at 335 ° F. for one hour under

50 psi pressure in a laboratory hydraulic press. The sandwich was cut into four

3" x 12" specimens.

In order to thermally cycle the specimen within the capabilitiesof the equipment avail-

able at Ryan, a departure was made from the requirements stated by RCA. * The stated

requirement was thatthe sandwich withstand a thermal shock from -160°C to +40°C

(-256°F to +1040F) in 15 minutes for 25 cycles. This is equivalent to the shock sus-

tained by a plane array during sunrise. * The test was conducted by heating the

specimen to +40°C in an oven and then completely immersing itin liquidargon

at -185°C. (-302°F). Total cycle time was eight minutes_ Tb_is was accomplished

25 times. It can be seen that the thermal shock to the panel was more severe than

the stated requirements.

In order to determine the effect of the thermal cycling on the integrity of the sandwich,

a flexure test was made on a specimen that was not thermally cycled, and the same test

conducted on the specimen that was thermally cycled. Tile specimens were simply

supported on a 10" span and the load applied at two quarter points. The specimens

failed by a compression buckling of the skins between the load application points. The

facing stress developed by the uncycled specimen was 111,000 psi and a shear stress

* Requirements determined from thermal analysis.
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in the glue line between the reaction and load points of 427 psi. This test confirmed

the fact that the thermal cycling had no adverse effect on the strength of the sandwich
or on the adhesive.

The gage combinations and temperature cycling were not exactly as suggested, but since

the tests were more rigorous than the requirements, the Titanium skin and aluminum

honeycomb core approach is valid for consideration as solar panel substrate for the

S LRV program.
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The solar array configurations investigated in the study were:

(1) A single hinged panel enabling sun orientation at all times during the lunar

day;

(2) A single fixed panel at 0, 30, 45, 60 and 90 degree inclinationsto the local

ho rizontal;

(3) A fixed multi-panel array consisting of five panels joined in a polyhedral

arrangement. (Fixed array).

All analyses below are based on an assumed Nimbus-type panel.

1. Theory and Equotions

The following equations are written for a fixed array consisting of "n" panels.

(Case 3, above).

The direct solar input (@s) to the panels is

Qs = an An S
P

The lunar radiation (Q M) absorbed by the panels is

O_ = (0.81 sin 0 + 0.015 cos 0)(% ¢. + e Qn)Ai . n

The albedo input (0 R) to the panels is

QR = 0.10 S sin O(a n Cn + an ¢ hi) A
i n

The temperature of each panel is calculated by solving simultaneously energy balances

of the form:

a n"Any S +.i0 S sin O(a n Cn ÷. ani ¢nl). An

+ (.81 sin O+ .015 cosO)(% Cn + eni ¢n) A n

Iv

+ _- Rn_ N a TN 4 = (en + enl ). A n a Tn 4
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where

_n

NOTE:

mr]

P

A n

Rn_ N

RESEARCH LABORATORIES _) GENERAL MOTORS CORPORATIOq

= the effectivesolar absorptivity of the external surface of the nth panel.

an -- Pac +(l-p) a

an a n pT/

_ . = P_c + (i-p) (It

= the solar absorptivity of the internal surface of the nth panel.

= the effective emissivity of the external and internal surfaces of the nth

panel, respectively.

-- the fractions of energy that leave the external and internal surfaces of

the nth panel, respectively, and fall upon the moon.

= the projected area of the nth panel, to the sun, in square inches.

= the area of one side of the nth panel, in square inches.

= the elevation angle, or, the angle that the sun vector makes with the
local horizontal.

= solar constant = O. 9 watt/in 2

= radiative coupling factor between body n and each of the N bodies to

which it is coupled, in square inches.

T n, TN = the temperatures of bodies n and N respectively, in OK.

a = Stefan-Boltzmann constant.

p = packing factor

= solar cell efficiency

The transient response of the panels can be calculated by solving equations of the
form:

dTn 4
mc d"-'-[-= Qs + QM + Oa - (% + %1) An a T n

N

+ _ Rn_ N a TN 4
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m¢ = the thermal mass of the solar-cell panels, in watt-see per degree K.

For the simpler array configurations in which the array consists of single fiat panels

(as in Cases I and 2, above), the energy balance is the same except that there are no

N

terms which represent the heat transfer between panels (_ Rn_ N _ TN 4 ) • Therefore,

for a simple fiat array, it is not necessary to solve simultaneous equations to calcu-

late the temperature of the array.

2. Parameters Used in the Analyses

The following properties of the solar-cell panels and lunar surface were as-

sumed in the analyses:

Single Panel Array (Cases 1 and 2)

Cell Side

= 0.76

= 0.85
Nimbus type cells with blue-red filters.

Back Side

a i = 0.2

e i = 0.85

p = 1.0

q = 0

Multi-Panel Array (Case 3)

Cell Side

_C

_c

= 0.76

= 0.85
Nimbus type cells with blue-red filters.

= 0.2
a R

= 0.86
e R

Rokide A
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Back Side

a n = 0.2
i

- 0.90
_n i

p = 0.80

= 0.06

Lunar Surface

emissivity = 0.9

absorptivity = 0.9

albedo = 0.1

3. Analysis of the Single Panel Array

The single panel configurations were investigated for the cases in which the

back of the panels were (1) insulated and, (2) uninsulated. It was assumed that the

panels were oriented in azimuth at all times. This is a reasonable design condition

while the vehicle is parked for battery recharge. (Orientable Array*)

The analysis showed that insulation on the panel backs causes excessive temperature

excursions; therefore, it is recommended that the back surfaces of the solar array

not be insulated. The results which follow are all based on the panels being uninsu-

lated.

The results are given in Figure II. 3-5. This figure presents the ratio of projected

area to the sun vector to total area versus angle from the subsolar point (_) for various

panel orientations(C). The solar cell panel temperature for each condition is also

given. The line 6 = /_ represents the hinged panel positioned for maximum power.

The direct solar input(Os) to the panels is given by:

Os - % A cos (_ -_) S

where: fl 90 - 0

*See Paragraph D.
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PANEL TEMPERATURES (°C)-BASED ON NIMBUS-TYPE PANEL

I00
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/
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ANGLE FROM SUBSOLAR POINT( _)(IN DEOREES)

Figure II. 3-5. Temperatures for Various Ratios of Projected Area of

Solar Panels Normal to the Sun Vector to Total Area versus

Angle from the Subsolar Point for Various

Panel Orientations

The other inputs to the panels are as previously defined.

In the ease where the panels are always sun-oriented (¢ =/_), the direct solar input
is

Qs = a A S

II. 3-33



GM DEFENSE RESEARCH LABORATORIES (_ GENERAL MOTORS CORPORATIO

TR64-26

Temperatures for the uninsulated hinged single solar-cell panel were also deter-

mined for three lunar-surface configurations. This was done to determine the effect

of operation in a valley. The configurations considered were:

Infinite fiat plane ;

Flat plane connected to a 15-degree inclined plane, both extending to infinity;
and

Two 15-degree inclined planes both extending to infinity.

Figure II. 3-6 shows the panel temperature versus angle from the subsolar point.

These results indicate that the maximum temperature occurs for the two inclined

plane conditions. The maximum temperature is approximately 116°C at an angle of

35 degrees from the subsolar point. This maximum is only 5°C above the flat plane

maximum temperature of lll°C. The major effects of the lunar surface geometry

are to shift the point of maximum temperature and to shorten the lunar day by shad-

owing the vehicle.

In addition to the steady-state panel temperature during the lunar day and night, the
transient response at sunrise and sunset was determined. The effect of the vehicle

was neglected. The temperature response versus time from sunset or sunrise is

shown in Figure II. 3-7. Since the vehicle has a time constant larger than the panel,

the effect of the vehicle will be to reduce the slope of the temperature-time profile.

The results in Figure II.3-7 are, therefore, conservative estimates.

During the lunar night, the unprotected solar-cell panel will reach a minimum tem-

perature of minus 152°C. Methods of raising this temperature have been examined.

The most practical approach would be to cover the panel with an insulating shutter

during the lunar night. With only a shutter, the panel temperature can be raised to

minus 125°C. With the addition of a 10-watt heat source in the shutter (i.e., radio-
active pellet), the temperature can be increased to minus 75°C.

However test results appear to indicate that the panel should be able to survive the

temperature range encountered with minimum degradation.

Analysis of the Fixed Array (Polyhedral

The fixed array considered in the study is shown in Figure II.3-8. The array

was made symmetrical to simplify the analysis for this phase, (i. e. the cutout was

neglected).

(1) The panels were assumed to be coupled radiatively only. Conduction

transfer between the panels was neglected. In a real array, the tem-

perature differences between panels would be less than those calculated

due to conductive paths.
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Figure II. 3-6. Temperature of Solar Panels versus Angle from the

Subsolar Point for three Lunar Surface Configurations

(2) Heat transfer between the array and the remainder of the vehicle was not

considered. If this were considered, the array would run at lower tem-

peratures than those predicted at high elevation angles and higher tem-

peratures than those predicted at low elevation angles. The temperature

of each of the array panels was calculated for azimuth angles of 0, 30,

60, 90, 120, 150 and 180 ° at elevation angles of 0, 30, 60 and 90 ° It

was not necessary to go beyond 180 ° azimuth as the array is symmetrical

beyond this angle.
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Figure II. 3-7. Temperature Response of Solar Panels at Sunrise and Sunset

Figures II.3-9 thru II.3-12 show the panel temperatures versus azimuth angle for the

constant elevation angles of 0, 30, 60 and 90 ° Figures II. 3-13 thru II. 3-17 show

temperatures of each panel versus azimuth angle for varying elevation angles. It is

seen that the maximum temperature reached by any panel in any orientation is 100°C

{Panels C and EG). Considering all orientations, all of the panels will at one time be

at a temperature between 90-100°C. Panel C reaches a maximum temperature at an

elevation angle close to 60° {more calculations for additional elevation angles are

necessary to determine the exact elevation angle at which the temperature peaks).

Although the sun is not normal to Panel C at this elevation angle, the combination of

lunar inputs and direct solar input are close to a maximum at that point. The aver-

age temperature of the array at night will be approximately -152°C.
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Figure II. 3-8. SLRV Fixed Panel Solar Array Configuration
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It should be noted that the azimuth angle will be a function of the vehicle path in re-

lation to the sun line. The plots generated assumed travel in one direction. The

effect of varying the azimuth angle would tend to average out fluctuations for each of

the panel curves.

The Phase II Thermal Effort

The Phase II effort will include an analysis which accounts for conductive as well as

radiative coupling between the solar panels. Heat transfer between the array and the

vehicle will be included as the vehicle configuration firms up. The transient response

of the array as it moves in azimuth will be investigated. A program of measurements

of the solar absorptivities and infrared emissivities of all finishes used on the array

surfaces will be performed. Further attention will be given to the effect of a lunar

slope or valley on the thermal response of the array. A model of the array will be

constructed and tested in order to verify the thermal design.
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H. BATTERIES

I° Battery Requi rements

Basically, three conditions affect the electrical size of the battery in the SLRV

power subsystem:

(a) Minimum acceptable time to operate per cycle. It is assumed that the

total current drain in operate (Io) is constant and independent of the oper-

ate time per cycle, and that the average array current during operate (i_)

is variable. Then from Figure II. 3-18 the greatest average battery dis-

charge current (which is equal to the difference current lo-is) will occur

when i s is the smallest. Given a battery capacity C ampere-hours and a

maximum depth of discharge of 50%, the minimum per-cycle operate

time is

o.5c

A to rain. = (i° _ is rain.) (II.3-1)

OJ)

(c)

Relative recharge capability. Figure II. 3-18 contains a plot of the bat-

tery recharge current lch, defined as I_ -/_. Since lc is constant, lch is

maximum when t is maximum. Hours maximum recharge rate is thus

//ours chge rate -
C

lchm a,, CII.3-2)

Total anticipated cycle life. A modification of eq. (II. 3-1) yields the follow-

ing relationship:

0.5C

A to = (1.48 - i ) (II. 3-3)
cIve Sove.

The average array, current i in the operate mode over the elevation
SQ,r_

_vv

angle range, is judged to be approximately 0.6 amperes Figure II. 3-18. Thus it

can be said that, on the average, the per-cycle operate time is determined by the

battery capacity C and the selected maximum depth of discharge of 50% in eq. II. 3-3.

The minimum total operate time on the moon is approximately 100 hours. Thus, di-

vision of II. 3-3 into 100 will yield the total no. operate cycles. It will be assumed,

that, in addition to the moon-operate cycles, fifteen ground test cycles will be re-

quired. The total required cycle life "f" is thus.

200 (I ° - i )
"sa.¢e

f = 15 + C (II. 3-4)
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Figure II. 3-18 is a plot of the relationships of eq. IT. 3-1, 3-2 and 3-.3.

It is clear that, for any reasonable battery capacity, the cycle life is marginal at best

in regard to Silver-Zinc batteries. The latter type batteries are light weight, but are

not intended primarily for cycling. Little if any reliable data exists at this time to

justify recommendation of a silver-zinc battery for a cycle life of the order of mag-

nitude in question. State-of-the-art knowledge points to the fact that such batteries,

if built reliably to withstand a relatively large number of cycles, would no longer

possess an inherent weight advantage over Silver-Cadmium (AgCd) batteries. The

latter are known to have undergone successful tests for hundreds of cycles. Results

of an investigation made to determine the applicability of either type battery to this

mission are given in paragraph 2, below.

Best present-day estimate of the specific energy (whrs per pound) of the AgCd type

batteries is plotted in Figure II. 3-18. Since the plot is intended to show realistic

package weights, it is clear that batteries consisting of physically smaller cells have

lower specific energies. The total battery weight plotted is based on the estimated

specific energy and a total on-board watt-hours capacity defined by C on the abscissa

and an average discharge voltage of 26 volts.

Figure II.3-18 shows that by decreasing capacity, C, the minimum per-cycle operate

time decreases and the total required cycle life increases. The weight of the battery

also decreases with increasing C, but the relative charge rate is increased as the

weight is lowered.

It can be stated that an acceptable lower limit on the operate time duration is about

one hour. Then the required battery capacity, C, is 2 ahrs, with a battery weight of

3.7 ibs, a cycle life required of roughly 100 cycles, and a relative recharge rate of

C/2. Within the limits of feasibility, therefore, the recommended battery for the

SLRV mission is a 2 Ahr, Ag-Cd battery, weighing 3.7 pounds. It will consist of 24

series-connected cells to meet system requirements.

. Comparison of Ag-Cd and Ag-Zn Sealed Batteries as Applicable to the SLRV Mission

In comparing the Ag-Cd and Ag-Zn sealed battery systems, importance was

placed on both the relative reliabilities of the two systems and the energy to weight

ratios. The energy to weight ratio information was determined from several in-

quiries placed with the following firms: The Electro-Storage Battery Company

(Missile Battery Division), Yardney Corporation, Gulton Industries, and Eagle

Picher. Although data released by these companies vary to an extent, the watt-hours

per pound ratio for a packaged silver zinc system is approximately 28 watt-hours per

pound for the electrical size in question, and in the case of the silver cadmium sys-

tem, it is approximately 15 watt hours per pound. The relative reliability has been

determined on a basis of 25% depth of discharge for silver zinc batteries, and a 50%

discharge depth for Ag-Cd to obtain a valid comparison.
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The only known information available in data form suitable for comparing both sys-

tems is from the work done by The Inland Test Laboratories, Cook Electric Com-

pany, Dayton, Ohio, on an Air Force Project No. 8173, Task No. 817304 and found

in the technical documentary report No. ASD-TDR-63-394, April, 1963, entitled

"Alkaline Battery Evaluation". Under this contract, the Inland Test Laboratories

cycled both sealed silver zinc and sealed silver cadmium batteries composed of an

eight-cell series string under a two hour orbit condition in which the batteries were

discharged for 35 minutes at various discharge depths and temperatures.

An analysis of data for the battery types, based upon the 2-hour orbit data, yields the

following:

Ag-Zn at 25% Depth of Discharge

Mean Cycles to failure (tL) = 232

Variance (a 2) = 14,400

Standard Deviation (a) = 120

Ag-Cd at 50% Depth of Discharge

= 600

a 2 = 43,600

a = 208

The 2-hour orbit reflects a 35 minute discharge interval followed by an 85 minute

charge interval. From the values of /_ and _ for the two battery types, assuming

the mean cycles to failure is normally distributed, the following probabilities have

been generated for each eight-cell series string.

Probability of Survival for a 50-cycle mission:

Ag-Zn = 0.9356

Ag-Cd = 0.9958

Probability of Survival for a 100-cycle mission:

Ag-Zn = 0.8643

Ag-Cd = 0.9918
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It was indicated earlier in this discussion that a battery composed of 24 series-connected

silver cadmium cells is recommended. This is equivalent to three eight-cell series

strings; a silver zinc battery would require two eight-cell series strings to supply the

approximately equivalent voltage. The probabilities of survival of the two types of series

strings are now compared.

The probability of picking one faining Ag-Zn series string from the lot of those in the

50-cycle mission equals (1-0.9356) or 0.0644. Assuming a lot of sufficient quantity,

the probability of selecting another failing string also equals 0. 0644. Thus, there is

a 2 x 6.44% or 12.88% of choosing an Ag-Zn two-battery string not capable of lasting

50 cycles. This gives a probabili_ of survival of 0. 8712. For the Ag-Cd series

string, the probability for failure in less than 50 cycles is substantially 3 (1-0. 9958)

or 1.26%. Thus, the probability for survival is 0. 9874. The same analysis applies

for the 100-cycle mission. The results are tabulated below.

Probability of Survival for a 50-cycle mission:

Ag-Zn = 0. 8712

Ag-Cd = 0. 9874

Probability of Survival for a 100-cycle mission:

Ag-Zn = 0. 7286

Ag-Cd = 0. 9754

It is apparent from the data given that the Ag-Cd battery has a significantly higher

survival probability than can be expected from the Ag-Zn battery. Also, it might be

well to state at this point that the Ag-Cd data is pessimistic in that the u and

values were computed from batteries still operating with the actual testing not com-

pleted. On the other hand, the Ag-Zn data is based strictly upon cycles to failure.

Figures II.3-19 and II.3-20 represent a graphical presentation of the battery data for

the two types.
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J1 SOLAR CELL SHINGLE POWER CALCULATIONS

For a solar shingle which is made up of five 1 x 2 cm cells in series, 1-V

curves were made and are shown in Figure H.3-21. The I-V characteristics were

obtained by extending known curves and data for a 9_c shingle to the required 10.5r_

shingle• _ The variation of I-V characteristics with temperature was made with 25°C

characteristics as the base. The high temperature cut-off (ll0°C) was based upon

the thermal analysis for an orientable array.

For an efficiency of 10. o_-c',,cbased on Air-mass zero and 25°C the maximum power

output is as follows:

= N xAxP x rI
Ponlox S.

where

N --- number of cells

A -= active area of each cell, 1.8 cm 2

Ps -- solar constant at air mass zero, 140 mw/cm 2

= cell efficiency at air mass zero and 25°C, 10.5%

P = power output of shingle at air mass zero & 25°C, mw
0 rn CI X

P = 5 x 1.8 x 140 x 105 = 132.2 mw/shingle
Om_ x •

The available power per shingle was found as a function of temperature (see Figure

II. 3-22 for various shingle voltages.

1. Optimum Shingle Voltage

The energy delivered per shingle at a fixed shingle voltage was found by sum-

ming power per shingle over the temperature-time profile (See Figure II. 3-23.) This

is equivalent to:
t

W = [ P(t) dt

0

which is the total energy output per shingle per lunar day (See FigureII. 3-24.) The

peak in the energy-vs-operating voltage in the optimum voltage point. It should be

noted that the power output curve is fairly fiat over a relatively wide voltage range.

*See paragraph E.3.
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The optimum operating point was found to be at 1.69 volts per shingle. An array

whose shingles operate at this voltage willprovide the maximum energy under the

temperature conditions assumed. This might be compared to operation at the maxi-

mum power point at maximum temperature (at 110°C). From Figures Ill.9-3 and

III.9.4 this corresponds to I.55 volts. The energy delivered, per shingle, at the opti-

mum voltage (I.69 volts)is approximately 2.5_ greater than the energy delivered, per

shingle, at the maximum power voltage (1.55 volts). Of course battery temperatures,

battery and solar array tolerances must be taken into account in finallyestablishing

the optimum voltage.

, Tracking Array Maximum Power Point

An investigation was made to determine the effect of tracking the maximum

power point of the array for all combination of temperature and sun angle. This re-

quires a converter to be interposed between the array and the battery.

The calculation of the energy output for fixed point as opposed to tracking the maxi-

mum power point showed a slight gain in the latter. Energy output when tracking was

21.6 watt-hours. The gain was 3.25% over the fixed-point energy of 20.9 watt-hours.

When losses in the tracking system, added complexity, added weight, and accuracy

of tracking are considered, it is certain that the advantage of the 3.25% gain will be
lost.
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K. POWER SUPPLY PARAMETRIC CALCULATIONS

Parametric calculations were m_ e _br Solar Cell (Orientable Array) and

RTE power systems. The purpose of these calculations was to determine the effect
of Goldstone and World-Wide coverage on system weight, modes of operation, power

levels and to ultimately compare a solar cell orientable array with an RTE power

system.

For Goldstone coverage mode 2 operation was analyzed. For World-Wide coverage

modes 3A & 4A were analyzed. (For mode description see Figure H. 3-25. )

Three power levels for each of the modes of operation were calculated as follows:

PLRI PLR2 PL,U

Case I 14 watts 2 6

Case H 24 watts 2 6

Case HI 34 watts 2 6

where PL R 1 is the average regulated power to load during operation, watts

PL R2 is the average regulated power to load during charge, watts

,

P is the average unregulated power to load during operation, watts.
LU

Solar Cell-Battery Power Supply Parametric Calculations (Orientable Array)

For the purpose of demonstrating the analytical approach to the parametric

analysis, the case of the solar cell-battery power supply will be presented in detail.

This same approach was used for an RTE system and where applicable the constants

used were the same.

The block diagram for the solar cell battery power supply is shown in Figure It. 3-26.
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Figure II.3-26. Solar Cell/Battery Schematic Block Diagram

Definition of Symbols:

PSA

PB

PLU

P LFl l

PLR2

P

V D

- Power*delivered by solar array during non-operate times

(Tcl, Tc 2, Tc3);

- Power*delivered by battery during operate times (T, T2, T3);

- Power*delivered to loads using unregulated voltage (occurs

only during operate times);

- Power*delivered to loads using regulated voltage during

operate times;

- Power*delivered to loads using regulated voltage during non-

operate times (i. e. charge);

T_ .... •

- _ power output from the RTE generator,

Battery discharge voltage;

* average power
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Operate times - portion of cycle when SLRV mission is being

performed;

Non-Operate times - portion of cycle when mission is not

performed and power is taken from the array to re-charge

the battery and operate standby load;

T, + T 2 + T. Total operate time;

Tcl + Tc2 + T ca Total charge time;

Battery watt-hour efficiency which is defined by (energy out-

put)/(energy input) ; rib = 0.67

Factor to reflect loss in diodes and

has an efficiency; rid = 0.93

Efficiency of voltage regulator when only standby load

(PAR2) is being used; 7Rc = 0.60

Efficiency of voltage regulator when operate load

(PLR1) is being used; _Ro = 0.85

ric - Converter efficiency for an RTE; ric = 0.87

Charge Mode

The charge mode is shown in the block diagram in Figure ILI. 10-3.

Assume Battery Controls consumes no power.

For Goldstone T + T = T
c 1 c 2 c

PB To PLR2 TC

PSA Tc_TD = _ + ri/_ C

rib

(II. 3-5)
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Figure H.3-27. Block Diagram of the Charge Mode

PB To PLR2

P S A riD rib T C + _ri R C (II. 3-6)

PB To PLR2

PSA - +

ri DTIB Tc rID riRC
(II. 3-7)

TC = 24- T

PSA

PL R 2: es To
rid rib (24-To) rid rlsc

(II. 3-8)
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Operate Period

The block diagram for the operate mode is shown in Figure H. 3-28.

BATTERY

PB

---_ _ PLU

PLRI

QRO

SERIES
REG.

_RO = 0.85

PLRI

LOAD 1

UNREG.

(PLu)

LOAD
REG.

(PLRI) J
Figure II.3-28. Block Diagram of the Operate Period

PB + PLR] +
= _ PL U

VRo

(II. 3- 9)

The maximum depth of discharge is 50% (this occurs at the 12-hour point).

Then, from equation (II.3-9).

(PsA

PLR2

I qD qB TC2 = 0.50 E B
qD q RC I (H. 3-1o)
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where 0.50 = Depth o/ Discharge

For this parametric analysis, a silver-zinc battery system has been used throughout.

E B
B m

A-H VD

The following constants were developed for 10.5% Air Mass 0, saingles covered with 6-mil

fused silica on a substrate which weighs 0.5 lbs/ft 2, and a packing factor of 85%.

A = Array Area =

Ps A

5.9 watts//t 2

Wa = Array Weight =
PSA

5.9 watts�lb,

The same analytical approach was extended to cover World-Wide operation and Modes

3A and 4A.

The results of this analysis are graphically shown in Figures II. 3-29, 30 & 31.

Additional assumptions used for the calculations were as follows.

(1) Charging occurs during non-operational period only.

(2) A silver-zinc battery (no redundancy) using a max. depth of dis-

charge = 50%.

(3) Battery charge rate not to exceed C/4 rate.

(4) Battery discharge rate not to exceed C/1.3 rate.

(5) No degrading of specific energy of the battery as a function of

charge or discharge rates.

(6) Minimum battery weight is established as 2 lbs.

(7) Weight of electronics equals 1.7 lbs. (1 lb. for line regulator and

0.7 lbs. for charge electronics).

(8) Battery discharge voltage equal 24 volts average.
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(9) Silicon N-on-P cells having an air mass zero efficiency of 10.5%

(including glass, filter,and adhesive), were used.

(10) Weight of array of 1 ib/ft_.

(11) Packing factor for the array of 85% was used.

(12) Weight of orientable array drive equals 1.5 _bs.

2. Results

For the orientable solar array a direct comparison for a specific case is

shown in Table II. 3-12. This table shows the weight advantage of World-Wide coverage

over Goldstone coverage and the advantage of mode 4A (3 cycles) over mode 3A

(2 cycles). The difference in system weight is due solely to battery weight. It is possible

that further weight advantage may be gained by increasing the number of cycles per

day. The Limitation here is cycle life versus charge and discharge rates.

Note, also that the array exceeds the 4 ft 2 area for the roll-up mode at 10 hours oper-
ate time.
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Figure II. 3-29. Power System Weight for Goldstone Coverage (Mode 2)
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TABLE If. 3-12

SYSTEM WEIGHT COMPARISON ORIENTABLE SOLAR ARRAY

Coverage Mode Power Level Operate Time/24 hrs. System Weight

Goldstone 2 Case II 10 hours 28.5 lbs.

World Wide 3A Case II 10 hours 22 lbs.

World Wide 4A Case II 10 hours 18.5 lbs.

. RTE Power Supply

As stated previously, the approach for the parametric study for an RTE

supply was the same as that used for the solar cell-battery supply. The Mode descrip-

tion, power levels, and coverage are identical to those defined previously with the

exception that during operate time the RTE does deliver power to the load. The symbol

used for this power output is P_ 77c where:

PR = Raw power output for RTE, (watts)

_c = Converter efficiency at 87%.

The power delivered by the RTE as a function of operate time is shown in Figure

H. 3-32. The block diagram for the RTE supply is shown in Figure K. 3-33.

Also, 1.0, 1.5, and 2.0 watts/lb ratios of RTE output were used as a parameter.

For this ratio, the power is taken at the output of the converter and the weight includes

that of the RTE and converter combination. This point is indicated by a double arrow

in Figure II. 3-33.

The basic equation derived by the conservation of energy approach is indicated below:

PR _c

PI._B PLU PLR2 ] 24 PLR2
To R I + __ _ _ +

71Ro _Ts 71Rc 7?R c

24-T° + _1

The terms in this equation are defined previously.

The assumptions used for the calculations are as stated previously.

The parametric curves resulting from this study are shown in Figures

through II. 3-42.

I-[. 3-34
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Results

For the RTE a direct comparison for a specific case is shown in Table

This table shows clearly the weight advantage of World Wide coverage over

Goldstone and the advantage of mode 4A. For this power system further weight reduc-

tion may be gained by increasing the number of cycles per day.

TABLE II. 3-13

SYSTEM WEIGHT COMPARISON

Coverage Mode *Specific Wt. Power Level Operate Time/24 hrs. System Wt.

Goldstons 2 1.5 watt/lb. Case II 10 hrs. 25 lbs.

World Wide 3A 1.5 watt/lb. Case II 10 hrs. 22 lbs.

World Wide 4A 1.5 watt/lb. Case II 10 hrs. 19.5 lbs.

*The specific weight includes the weight of the RTE plus converter and the power
assumed to be available from the converter.
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Lo FIXED ARRAY ANALYSIS

I. Analytical Approach

The solar array configuration shown in Figure H. 3-43 was analyzed for pro-

jected area and power output. The effective and average area and power are shown in

Figures K. 3-44 and II. 3-45.

The panel areas were computed using Figure II.3-43 . For projection calculations, a

reference frame was established (Figure II. 3-46 ). Any vector in this system may be
represented in the form:

X : A(cos y _os 3 i'+ cos 3' sin 3[+ sin y }<) (II.3-11)

If two vectors are established, then the angle between them may be found from the

vector dot product.

If we let the unit vector N represent the normal to the panel and the unit vector § repre-

sent the sun vector, then:

where:

. s=lNI .IslcosO=cosO

[IVI = IS[ = 1 since N and S are taken as unit vectors

0 is the angle between N and S.

(1"[. 3-12)

To include all possible panels we assign fll and )'1 to the panel vector and f12 and Y2
to the sun vector.

Thus the dot product is:

^ ^ .,?

_v .s : iV(co_ r_oos3_ i +cos y, sin B,'[+sin×ik)•S(_osY2_os[32i'+_os y2sin _32 j +_in×2}') (II.3-13)

cos O= sin yl sin Y2 + cos Yl cos Y2c°s(fll -[32) (H. 3-14)

This relation was used to project panel areas as the array rotated in azimuth and the
sun increased in elevation.
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2. Angle Effect

When solar cells are illuminated by light incident at an angle 0 with respect

to the cell's normal, the power output may be expressed as

Ps = PSN cos 0 F(O) (II. 3-15)

where Ps

PSN

0

F(O)

is power out with non-normally incident light

is power out with normally incident light.

is the angle between the light vector and the normal vector

is a function of 0 (Figure IH.11-5) which adjusts the power output to

account for the difference between actual cell performance and that

implied by a pure cosine relationship

, Packing Factors and Effective Panel Area

An approximate packing factor was computed for each surface by finding the

number of series strings of 5-cell (lcm x 2cm) shingles which could be fitted on each.

To illustrate the procedure, the calculation for the front panel will be shown.

Shingle Area (Five lx2cm cells)

Intershingle Packing Factor

Required area for each shingle

Area of front panel

A s = 1.43 in 2

p.f. = 0.9

Ase = 1.43/.9 = 1.6 in 2

Ap = 463 in 2
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Figure II. 3-47. Angle Effect Factor vs. Angle

The effective area of a panel is defined as the product of the area and the packing

factor. For the front panel:

= x P.F.Effective Area :: A e Ap = 402 in 2 := 2.8 ft. 2

Table II. 3-14 is a tabulation of panel area, packing factor, and effective area. It

will be noted that the effective area was reduced for the left side and top panels be-

cause of DIBSI shadow.
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TABLE II.3-14

SLRV SOLAR PANEL STATISTICS

C OR PO RATIO

Panel Area Packing Factor Effective Area Comments

Front (C) 463 in _ .87 402 in 2 = 2.8 ft 2 14 Series Strings

155 in 2 .75 86 in2 = .6 ft _Left Side

(D& F)

Assume DIBSI al-

ways shadows one

of four series

strings

Rear (A) 295 in_ .88 259 in _ = 1.8 ft_ 9 Series Strings

Right Side 151 in2 .77 106 in 2 = .74 ft2 4 Series Strings

(B)

Top (E&G) 118 in2 .73 86 in_ = .6 ft2

58 in _ = .4 ft 2

3 Series Strings

0o < fl < 180 °

2 Series Strings

(one shadowed)

180o -: fi < 360 °

Total Area = 8.25 ft _

The effective area includes the effects of packing factor, shadowing, angle of incidence,

and angle effect. This area can then be analyzed as the area of an equivalent solar at-

Array Power Density

The array power density (watts/ft _) is calculated for 10.5% efficiency

shingles. The power output for each shingle is:

Po 97.3 milliwatts,'shingle

This number is the per-shingle output corresponding to a temperature of +92oc which

is assumed to be the weighted average temperature for which the array is to be de-

signed. Actual maximum operating temperature is slightly higher.

The power/ft _ can be found from

Power Density : P.D. P ND
O

where: Po is power per shingle

II. 3-76



M DEFENSE RESEARCH LABORATORIES _ GENERAL MOTORS CORPORATION

TR64-26

N is the number of shingle_ per ft z of effective area as in Table If. 3-14

N = 144 in2,,ft 2 = 100 Shingles

1.43 in2/shingle It 2

Noting that packing factors, shadowing and angle effect were taken into account in the
effective area calculations,

D is combined degradation including

wiring losses d w = 0.96

seasonal solar constant variation ds = 0.97

off optimum operation do : 0 98

D = 0.91

The array power density is

P.D. = (97.3 rnw) (100) (0.91) = 8.86 watts�it 2 of actual corrected cell area.

The array power is the product of the array power density and the effective array area.

The effective array area and power -vs-degrees azimuth, and the average effective ar-

ray area and power integrated over 360 ° azimuth are shown in Figures II. 3-44 and

II. 3-45. These plots apply to the Operate Mode where any azimuth orientation of the

vehicle with respect to the sun vector is possible.

o Array During Charge

During the charge mode, in order to expose maximum area to the sun, the

rear panel will be rotated on a hinge at its top edge so that it faces towards the front

of the vehicle. Its normal is oriented to a fixed angle of Yl = 400 to minimize varia-
_,u,._ ,Lore normal for the operationai window of sun angle between 12o and 66 o. The

fixed angle simplifies the elevation mechanism drive. The effective area and power
during charge is shown in Figure II. 3-48.

6. Approximations

The analysis herein presented is approximate to the extent that an actual

shingle layout has not been performed. However, it may be possible to use smaller

shingles (2 or 3-cell, for instance) to achieve or exceed the packing factors estimated.
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Figure II. 3-48. Array During Charge vs. Sun Angle (Fixed Array)

The temperature-time profiles of the SLRV fixed array configuration are not precisely

known at this time; a previously calculated temperature range for an oriented single

plane* has been used as a matter of a worst-case approach.

Other factors such as design safety factors, radiation effects, lunar night time ex-

posure are not treated here. They are suitably covered in Paragraph E.

Pending a detailed array analysis based on valid temperature, packing efficiency,

and radiation damage assumptions, a 15% safety factor will be applied to the power
output numbers presented.

. Lunar Power Regulatory Electronics

General

Five regulated DC voltage levels are required for

operation of the Rover Vehicle. Two +24V regulated levels are indicated,

one obtained through series regulation, and the other through the regxtlated

converter. A block diagram of the system is shown in Vol. I, Summary,

Figure 3.1-13. The solar cell array mainly supplies battery charge current

during the charge mode, in addition to approximately 2.3 watts (plus as-

sociated losses). The individual array panels are connected to the unregulated

bus through blocking diodes. A silver cadmium battery, shown in Figure 3.1-13,

supplies the majority of power during the operate time.

*See Paragraph G.
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A state-of-charge monitor is included and performs the following functions:

(1) It senses the current flowing in the battery;

(2) Performs integration of the current time product (Ampere-Hours);

(3) Converts the signal to digital form (8 bits), and this information
is telemetered to earth.

With the ampere-hour monitor it is possible to know the state of charge of the battery

accurately at any time, and coupled with other telemetry data, provide insight into the
actual battery performance.

A series regulator is connected through a relay contact to the unregulated bus, and

supplies loads up to 16.2 watts at a regulated 24.0 volt _- 2% level during the

operate mode. During the charge mode the relay (see Figure 3.1-13) disconnects
the series regulator from the unregulated bus.

The converter provides four regulated voltages (see Figure 3.1-13). It is a driven,

duty-cycle regulated converter. Duty-cycle regulation is obtained through a small

self-saturating magnetic amplifier, controlled from the 24V output tap.

Regulated Converter

A schematic diagram of the regulated converter is shown in Figure

II. 3-49. It supplies DC voltage levels of +24 volts, +4 volts, -12 volts, and -6.3 volts,

all regulated to within 2% (line, load, and temperature).

The +24 volt output from the converter supplies a continuous 1 watt load, whereas

the +24 volt output from the series regulator supplies various loads, ranging from 3.7

watts to 16.2 watts. In order to supply a regulated power of 16.2 watts, the series

regulator must therefore be relatively inefficient at lower power levels. In fact, at

a i watt power level during charge, the series regulator would be approximately 50%

efficient. Hence, during the charge mode, the series regulator is disconnected by a

relay and the 1 watt required at the +24 volt level is supplied by the converter. The

converter efficiency at this output voltage level is relatively high (at least 80%). A

substantial portion of the converter losses are rectifer losses at the low voltage taps,

and other relatively fixed losses (not a function of load).

Referring to the schematic in Figure H. 3-49, the operation of the converter is as
follows:

. Sliding frequency oscillator -

The sliding frequency oscillator is an inverter, the output of

which is a square wave voltage varying in amplitude proportional
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to the unregulated bus voltage level. Its output is coupled

through transformer T, to the reactors of the magnetic ampli-

fier T 2 ;

2. Magnetic Amplifier -

The self-saturating magnetic amplifier is constructed of two

matched square hysteresis loop tape wound toroidal cores, each

progressively wound to form separate reactors, and then stack-

ed. A control winding and a bias winding is looped through both

cores, and the resulting assembly encapsulated in light weight

epoxy. Each reactor of the magnetic amplifier blocks the

square wave (voltage from transformer T ) until saturation oc-
curs. At this time the pulse turns on the associated converter

transistor for the remainder of the half cycle. On the alternate

half cycle the second reactor performs the same function in re-

gard to the second converter transistor. The resulting duty

cycle modulated wave form appears at the primary and secondar-

ies of transformer T s (step-down to the proper level), and is

shown in Figure II.3-49. The outputs at each secondary are

four-way rectified and filtered. The control winding of the

magnetic amplifier is connected between the balance terminals

of a sensing bridge made up of resistors R9 through Rll, and

zoner diode CZ1, which applies a voltage to the control winding
proportional to the error voltage existing at the converter +24V

bus. The control winding is wound over each of the cores in

such a direction to reduce the error (negative feedback). It

does this by biasing the reactor cores, thereby varying the volt
seconds required to saturate each reactor.

3. Primary Circuit -

The primary circuit of the converter is composed of switching

transistors Q3 and Q4, commutating rectifiers D3 and D4, capaci-

tors C3, C4, and C6, resistors R7 and RS, and transformer T3.

Transistors Q3 and Q4 are triple-diffused, planar, passivated

NPN silicon power transistors having low saturation resistance

and high breakdown voltage levels (BV c ,o is approximately 100

volts). Rectifiers D3 and D4 commutate primary current (re-

flected from the secondaries) when both Q3 and Q4 are non-con-

ducting. Capacitors C3 and C4, and associated resistors R7

and R8 improve the dynamic load lines of Q3 and Q4, respective-

ly, as well as dissipating spike energy which may exist due to

leakage reactance in transformer T3. Transformer T3 is con-

structed with a non-saturating tape wound toroidal core, exhibit-

ing approximately 92% efficiency at 600 cycles per second and

full load. Capacitor C6 provides a low impedance at the converter
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.

input and attenuates high frequency current components which

would otherwise exist in the converter supply line.

Output Rectifiers and Filters -

The four output windings of transformer T3 terminate in full

wave center tapped rectifierconnections, the outputs of which

are filteredby LC sections (such as L1 and C7 in Figure

If.3-49 ). The inductors are the flux reversing type resulting

in minimal size and weight. They are designed for greater

than criticalinductance over the operating load ranges. The

rectifiers incorporated in the +4 volt and -6.3 volt windings

will be either low loss germanium rectifiers, or driven low

saturation resistance silicon medium power transistors. Low

rectifier voltage drops are required for the +4 volt and -6.3

volt levels in order to remain within the +2% regulation band,

and to maximize efficiency.

Series Regulator

The series regulator must provide 3.7 watts to

16.2 watts load power during the operate time, at a regulated voltage level

of +24 volts ±2%. During the charge mode, the series regulator is disconnected from

the unregulated bus by a relay contact. A schematic diagram of the series regulator

is shown in Figure II.3-50. Transistor Q4, zener diode CZ1, diode CR1, and re-

sistors R5 through R9 comprise a temperature stable error amplifier which com-

pares the regulated bus voltage level with the zener diode CZ1 voltage level, and pro-

vides base drive to transistor Q3, which in turn supplies base current to Q2, the

driver of pass transistor Q1. Resistor R1 and diode CR2 allow the regulator to turn

on under load, and diode CR1 provides temperature compensation for transistor Q4.

State-of-Charge Monitor

The battery state-of-charge monitor provides eight bits of binary

information, containing the ampere-hour (effective coulombs) capacity of the battery,
for the telemetry subsystem. The telemetered information is an indication of the

state of charge of the battery at any given time. This feature minimizes the usual

necessity to oversize the battery to make all charge rates safe. Referring to the

block diagram in Figure H. 3-51 , operation of the state-of-charge monitor is as fol-

lows: the battery charge current, I, is passed through a one-turn control winding

of a magnetic amplifier, which in turn develops two proportional voltage signals

(-K2I and +K,I) which are applied to an "or" gate, the output of which is connected to

a voltage sensitive VFO (variable frequency oscillator), and the resulting signal con-

verted into a train of clock pulses. The number of clock pulses per unit time is pro-
portional to battery current. Discharge current sets the reversible counter to count

forward; charge current reverses the count. Thus given the initial conditions of a
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Figure II.3-50. Series Regulator

fully charged battery and a zero count, clock pulses stored in the counter are propor-

tional to ampere-minutes discharge. The charge and discharge scale factors (K1 and

K2) are chosen to reflect the battery efficiency and may be adjusted prior to launch.

A detection of zero count indicates that the number of effective ampere-minutes

charge (ampere-minutes charge times battery efficiency factor} just equals the num-

ber of ampere-minutes discharge. A battery is assumed to be recharged and the

Operate signal is initiated. A total ampere-hours equalling total battery capacity

may be stored in the counter, and is reflected in eight binary bits for telemetry

processing.

UNREGULATED BUS

- I

CONTROL

±

OSCILLATOR I

I +K 2 I B

MAGNETIC I
AMPLIFIER -KI I B

AND FILTER i

f

DISCHARGE _
DETECTOR

Figure II. 3-51.

I OR ,

CHARGE _
DETECTOR

VFO

REVERSIBLE

COUNTER

AND STORAGE

CLOCK I
GENERATOR

I
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8. Telemetry

The telemetry required and appropriate transducer circuitry is specified

for the SLRV system configuration previously shown.

The circuitry will have nominal outputs of 0 to +5 volts working into the telemetry

subsystem minimum input impedance of 1 megohm.

The analog switch back current is specified as less than 0.25 microamperes which

affects the transducer output impedance. To minimize the loading of the transducers

and eliminate the effect of switch back current, the maximum output impedance will

be less than 0.5% of the telemetry input impedance.

Z (out) L 0.5% Z (input) =(0.005) (I x 106 ohms)

Z (out) /- 5 x 10 3ohms

This makes the loading current equal to 0.5% of the effective current in the trans-

ducer output.

The effect of switchback current (I 5B) on the transducer output voltage can now be

computed --

h V (output) max. = (IsB)max. Z (oUt)max.

= (0.25 x I0-6 amps) (5 x 103 ohms)

= 1.25 millivolts

This is 0. 025% of the 5 volt nominal transducer output.

The power subsystem requires 21 telemetry points, (18 analog and three digital) as

given in Table II. 3-15.

Voltage telemetry will be taken for the array, battery, and regulated bus voltages.

If the transducer is to indicate the voltage measured from zero to its maximum value,

then a simple voltage divider (Figure II. 3-52 ) will be used.

For some telemetry points, it may be advantageous to have the transducer indicate a

range of voltages where the lower limit is not zero (i. e. expanded scale). This can

be accomplished by providing a voltage offset.
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Battery voltage is to be telemetered at more than one point, so that cell short may be

detected.

Following is a brief description of the telemetry circuitry required, with the excep-

tion of the Battery State-of-Charge Monitor discussed in another section.

Unregulated Voltage

The circuit shown in Figure II. 3-53, will be used for expanded range

monitoring. This circuit will have sufficient accuracy and resolution

so that it will be possible to detect a shorted cell when information

derived from this telemetry point is used in conjunction with telemeter-

ed voltage across two cells.

Voltage across Two Storage Cells

It is desired to determine whether all storage cells placed in series

are sound. If a cell does short, careful ground command sequence

would have to be followed to maintain regulated bus voltage at series

regulator output.

The telemetry point in question yields information concerning per-cell

voltage, which is compared with the Unregulated Voltage; the latter

should equal the per-cell voltage times the total number of storage

cells in series, if all cells are operating properly.

V I /

VT M r.

VTM

TELEMETRY +C_

VOLTAGE

VOLTAGE TO BE MEASURED

R 2 V I

RI

METAL FILM

RESISTORS

R2

R 2 -4- R I

Zo< 5K

O TO + 5 VOLTS

- |

COMMON

VOLTAGE TO BE MEASURED

vt+ !

VTM= R2 (Vl-V Z)
R2+R I

CRI

ZENER

DIODE

RI

VTM

TELEMETRY +c METAL FILM

VOLTAGE 1 RES ISTORS

0 TO+5 VOLTS I R2

ZO <SK--------_

-- /A /-

COMMON

Figure IT. 3-52. Full Scale Voltage Figure II. 3-53. Expanded Range {Offset)

Telemetry Circuit Voltage Telemetry Circuit

Since the voltage variations across 2 cells are within the required output voltage

limits, they will be monitored directly. A resistor is used and is physically located
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close to the battery to prevent catastrophic loss of these two cells in ease the con-

ductor to the telemetry input becomes shorted to ground. The maximum value for

this resistor can be roughly 1_ of the input impedance (i.e. 10K), commensurate

with accuracy desired.

Regulated Bus Voltages

Expanded scale transducers may be required for the regulated bus

voltages since it is desired to measure voltage over a relatively narrow
range.

The circuit of Figure II.3-53 is suitable for this application. It will

give the desired accuracy if the range of voltages is narrow. It may be

temperature compensated, if necessary.

Solar Array Current Telemetry

The Solar Array current will be telemetered by measuring and amplify-

ing the voltage developed across a sensing resistor. Appropriate cir-

cuitry is shown in Figure II. 3-54.

This circuit has been operated in a similar application with temperature

drift (worst case) of 3.2 mv/OC and expected 1 year drift (worst-case)

of 2.2%. Typical temperature stability to be expected is 1.8 mv/°C.

Linearity is typically +2% (including effects of array voltage variations)

and can be reduced to about 1% if required.

ZSA

SOLAR ARRAY

CURRENT

SOLAR + /
ARRAY

VTM = A V VSH

= Av(R I II R2) TSA

A V = VOLTAGE GAIN

I

R6

i+

:R3

SENSORS

RI

VSH

_VW.

R2 R4: CR I

UNREGULATED
"/+ BUS

USE METAL FILM RESISTORS

AND TEMPERATURE COMPENSATED
ZENER DIODES

I
CR2 + VR

+VTM I REGULATED
TELEMETRY I I SUPPLY

VOLTAGE _

. 0 TO +SVOLTS _ER9 _RIO

l l Zo<- _ l 1 /_
COMMON

Ol AND O2 TO BE MATCHED FOR Vbe
AND MOUNTED IN COMMON CASE

Figure II.3-54. Solar Array Current Telemetry
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• Battery Current and Battery State-of-Charge

These points will be determined by the Battery State-of-Charge Moni-

tor. The ampere-hours state of charge information applied to the

Telemetry Subsystem will be in the 8-bit digital form. Amperes

battery current will be an analog voltage.

• Temperature Telemetry

Temperature telemetry will be taken on the battery and solar array.

The circuit of Figure II. 3-55 will provide the nominal voltage output
for the temperatures ranges encountered.

Component values depend on the temperature range and voltage avail-

able. An offsetting circuit can be added, if the temperature range is

small and expanded scale is desired.

• Rear Panel Erection Telemetry

Limit switches will be provided to monitor position of the rear panel

at either extreme (folded and erected).

VTM =

REGULATED SUPPLY

V R t- /._' _ /¢ ] 1-

THERMISTOR THERMAL CONTAC TI_ I TEMPERATURE
R2 VR R (T) - TO BEMEASURED

R(+ R2÷R(T)

VT M

TELEMETRY

VOLTAGE + O

0 TO+5 VOLTS

-/

RI

Z O <5 K _ R2

COMMON

METAL FILM RESISTORS

/f-

.

Figure II. 3-55.

Power Profile Analysis

Temperature Telemetry
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Ae

Be

Charge Mode

Load to other S/S in Chge. Mode:

plus state-of-charge Monitor

Telemetry (one point at each of 4 buses)

Total watts @ conv. output in charge

Total standby loss in converter when in chge.

Total watts input to converter in "charge,"

(Note that converter efficiency in Charge

4.62w. @ +35V. Unreg. Bus Level,

Telemetry other than eonv. output voltages

2. 451

4.621

Operate Mode

a.

1.O0 watts

I.i0 watts

O.20 watts

2.30 watts

+0. 105 watts

+0. 046 watts

2. 451 watts

+2. 170 watts

4.621 watts

100 : 53%)

O. 132 a.

0. 041 a.

O. 173 amp.

Standby

In addition to Charge Mode power of 2. 451 watts, there are

these outputs required @ converter:

Total converter output when in Operate,

@ 75% converter off when in Operate,

3. 300 watts

3. 000 watts

1. 110 watts

I. 500 watts

0. 900 watts

O.300 watts

12. 561 watts

16. 750 watts
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Total pwr required @ series reg. in standby:

Total pwr to all required inputs, less series

reg. T/M and series reg. shunt loss, when

in Operate Standby

Assume that battery is in Discharge

whenever in Operate; @ +25V, battery

voltage,

Series reg.' shunt loss

T/M other than cony. output voltages

Total Sys. Current Drain when in

Standby Op:

Locomotion

20 watts @ +25V unreg.

Standby Operate current

Total Drain when in I_comotion

Steering

5.4 watts @ +25V unreg.

0. 100 watts

1. 590 watts

2. 000 watts

20.44 watts

0. 819 amp.

0.025

0. 041

0. 885 amp.

0.8 amp.

0. 885 amp.

1. 685 amp

0. 216 amp.

+0. 885 amp.

Total when in Steering 1. 101 amp.

d. DIBSI

as before, 0. 885 amp.

plus: 0.5 w. @ +4V @ 75% off. 0.03 amp.

5.0 w. @ +25V unreg 0.20 amp.

Total 1. 115 amp.

e. TV

as before, 0. 885 amp.

plus: 12.5 w. @ +24V 0. 521 amp.

ave. of Az. Head and Sun Shield Peaks 0. 450 amp.

Total Drain when in TV 1. 855 amp.
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Operate Mode Profiles

Reference: pg VIII-5, 2nd Lunar Rover Monthly Progress Report

A. Guidance Step

a. Smooth Moon Integrated Profile

!

-i
e-- o 67 MR$--O.

Io!

0.89AMPS STANO|Y

I0 HR

0.2 HRS _e--

91- 0.03 NRS

(b)

LS3AMPS AVERAGE

Nfl

Figure II. 3-56
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b.

0

LABORATORIES _ GENERAL MOTORS

Rough Moon Integrated Profile

r86 AMPS Tv

I.IIHItS ----I)-

Io!

169 AMPS LOCOMOTION

I.fO AMPS STEERING

3.7' HRS

,,IPO $7 HItS /

1.6 ? HItS ,--_

0 89AMPS STANOBT

L3 AMPS AVEItAG[

CORPORATIO

C.

0

094 MIN._
1.5 MIN.--_._

(b)

Figure II. 3-5 7

Contour Mapping Step

37' HItS

; 86 AMPS TV

-- t.69 AMPS LOCOMOTION

2 &MPS OlB$1

O. 89 AMPS STANDBY
1254 MIN.

io MIN.-----_4 l,,*_o.i M_N.

1,2_ AMP AVERAGE

12.54 MIN

Figure II.3-53
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Operation is assumed to consist of alternating Guidance and Contour Mapping Steps.

Smooth Moon Operate are current Io:

1.53(60) + 1.25 (I2.54)
60 + 12.54

= 1.48 amp.

Rough Moon Operate are current Io:

1.3(3.7)60 - 1.25(12.54)
3.7(60) - 12.54

= 1.30 amp.

10. Solar Array Capability and its Effect on Operate Time

During Charge, the Rover Vehicle will be oriented so as to expose maxi-

mum solar cell area to the sun; during operate, the exposed area will be an average

over 360 ° azimuth rotation. The array output during Operate will be less than during

Charge.

Figure II. 3-59 shows the relationships between array outputs for both conditions and

the Operate time duty cycle.

Let i ° = current drain when in Operate; this is 1.48 amp., Smooth
Moon Ave. case.

Ic -- current drain during charge or 0. 173 amp.

i• = ave. array current during Operate.

I• = Array current during Charge.

T = Total hrs. Operate time per 24 hrs.

% = battery Ahr. charge-discharge efficiency factor (% = o. 95)

Condition of Amp-Hour Balance is defined by the following equation.

Solving for T,

(!o - i s)T = {is- ic) (24-T) e b

24
T-! -i

o •

+1

(I s - ! c) e b

i
ah.._.2_ •

= I s

rn . .a-1 )

(II. 3-17)
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Substituting that and the numerical values into equation II. 3-17.

24
T =

1.48 - al
$

(15-0. 173)0.95
+I

The last equation is plotted in Figure II. 3-59 . The Operate time vs. elevation angle

is plotted in Fig. II. 3-60 ; it is based on the array capability only. Using plots of

FULL OUTPUT IN OPERATE 0 :l.{

PESSIMISTIC

ZERO ARRAY OUTPUT ;N

OPERATE

o, ARRAY CURRENT DURING
OPERATE A9 A FRACTION OF

ITS VALUE WHEN IN CHARGE

T HRS •

4 [ 1 1 1 1. I 1 1
0.6 0.7 0.11 0.9 t.O I.I 12 I. st 14

AMPERE9 ARRAY CURRENT DURING CHARGE (1'|)

Figure II. 3-59. Relationship Between Operate Time and Solar Array Capability
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I
O"

!
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ARRAY CURRENT DURING CHARGE (I S )

• •

// o _is/Is

0

AVERAGE ARRAY CURRENT DURING OPERATE(is)

t

i __11<,o0.6

L & i J
0'_t2 15_ ZJO 45 60 66

ELEVATION OVER OPERATE RANGE (DEGREES)

Figure II. 3-60. Operate Time Duty Cycle and Array Output Current, SLRV

array output power included in Paragraph L. 1, array current during charge and dur-

ing Operate was computed. Following that, the current values were multiplied by a

factor of 0.85 to include a 15% safety factor to account for the uncertainties discussed

in an earlier section. The resulting array current values were plotted over the 12 °

to 66 ° working range of elevation angles.

This information and that of Figure II. 3-59 permitted construction of a plot of

Operate time (total per 24 hrs.) vs. the elevation angle. The battery capacity is not

affected by either the total or the per-day operate time; operate time is a function

only of the load requirements and the array capability.

It is evident from Figure II. 3-60 that the fixed array configuration investigated has

a capability of greater than ten hours Operate time per day. In fact, the plot of

Operate time in Figure II. 3-60 permits an estimate of the Operate time on a day-

by-day basis as follows: (state of "lst day" is at sun elevation angle of 12°; a day is

equivalent to 12 ° change in sun vector)

1st day 11.3 hrs Operate

2nd 12.4

3rd 12.9

4th 12.7

1/2-day following 6.2

Total Operate time possible first 4.5 days, 12 ° to 66 ° elev. angle 55.5 hours.
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This amounts to 12.3 hrs. average per-day Operate time possible.

11. Phase II Program

The phase 12 effort will encompass the final and optimum design of the

power system. Areas of anticipated investigation are briefly discussed below.

• Array Optimization

The array will be designed following a search of the best array con-

figuration for the mission. The present configuration is not neces-

sarily an optimal one.

The interactions between the many facets of the array performance will be evaluated

and optimized. The effects of layout (i. e. packing factor) on the thermal analysis

will be found and these results used to further improve the layout.

A similar interdependence exists with the substrate, structure and solar cell problems.

Indications are that some savings in weight can be effected in areas such as the sub-
strate, cover glass weight, shingles, eLc.

The investigation and analysis of all the individual and combined effects and problems

will result in the optimum sc, lar array from the standpoint of configuration, output,
weight, and thermal considerations.

Shingle Operating Voltage

In the operation of a system employing a fixed solar array, many

problems not applicable to an oriented configuration may arise. Two
basic analytical approaches are to be considered.

a) Maximum energy approach.

The evaluation of the maximum energy output for a solar shingle

becomes further complicated in this case by the different layouts

for each solar panel, the different temperature-time profiles for

each panel, the orientations of each panel, and the angle effect of
non-normally incident solar illumination.

It is within the realm of possibility that this approach will not re-

sult in an optimum or even workable system due to the many com-

plicating factors which were not experienced in the straight-forward

analysis of the orientable array.

b) Tracking M_ximum Power

The analysis _/nd evaluation of a device which tracks the solar-array-

maximum-power point is also complicated by the fixed array con-
figura t ion.
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Investigationswill be performed to determine the advantages (or

disadvantages) of using a maximum-power-polnt-tracker during

the charge-time and operate-time.
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M. GENERAL

The information presented concerning the use of and general characteristics

of an RTE takes due regard of the specific information presented by the Martin-Marietta

Corp. In addition, their cooperation in providing this general information is appreciated.

1. Fuel

In view of the mission life, a short half-life isotope Is suitable for this appli-

cation. An isotope with a high thermal watt to weight ratio must be used if the weight

of a radioisotope generator is to be competitive with other power systems (solar cells)

and if it is to fit within the envelope dimensions dictated by the SLRV-Surveyor cQmbi-

nation. For this generator either Polonium 210 or Curium 242 is suitable for the mis-
sion. Curium 242 is the first choice but Polonium 210 would be the back-up fuel in the

event that unanticipated problems such as availability, high temperature problems, etc.
occur. The reason Curium 242 is the first choice is that it has a half life somewhat

greater than Polonium 210, 0.45 years compared to 0.38 years respectively.

. Safety and Isotope Containment

To date all space flights which have used RTE power supply used an a emmiting

isotope as the heat source. The capsule containing the isotope was inserted in the gen-

erator at the contractors' facility prior to shipment of the generator to the launch site.

Hence, no special remote handling equipment or additional shielding other than that

afforded by the capsule was required at the launch site.

The governing philosopby with regard to earth reentry for these flights was isotope

burn-up. However, the fuel used for these flights was PU 238 which has a half life

of 86 years.

For the SLRV mission the accepted philosophy, as stated by the Martin-Marietta Corp.,

is one of lunar containment and earth reentry containment. The capsule must be de-

signed to contain the isotope in the event that the capsule impacts the moon's surface

at a speed of approximately 7000 ft/sec. This velocity would occur if the Surveyor

retro rocket failed to perform. It is this philosophy which governs at this time.

Safety testing is a continuing program and has no definite final performance character-

istics associated with it. As such a cut-off time cannot be defined for this aspect of

an RTE program. However, it is anticipated that minimum safety criteria will be met
in time to meet the mission schedule.

Systems incorporating lead telluride conversion elements have been successfully tested

for its safety aspects and as a result have been launched. However, a more attractive

system incorporates silicon germanium conversion elements. This system requires
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higher hot junction and capsule tempera_res than lead telluride. These silicon-german-

ium RTE systems have not been salety tested nor have they been launched. However,

the Nuclear Division of Martm-IVlarietLa has been developing higher temperature cap-

sules on the Snap 11 and SR-90 programs. This effortcan be useful in developing a

capsule to work with silicon-germanium conversion elements.

It is entirely possible to reduce the capsule temperature during earth-moon transit by

several approaches. The use of multi-foil insulation in conjtmction with an inert gas

will reduce the capsule temperature f_om launch pad to lunar landing. RCA-AED is

now developing an RTE which incorporates a multi-foil insulating technique which is a

first step to this goal. Another approach is to provide additional radiator surface during

transit which would be disconnected following lunar landing. Either of these approaches

will reduce the capsule temperature during the non-operating part of the program.

Hence, the time 3rod effort required for capsule safety testing can be reduced.

. Physical Characteristics

The envelope dimension within which the RTE unit must fit has been established

by the SLRV-Surveyor constraints for stowage and lunar mobility. For this envelope the

maximum size RTE which can be accomodated is one wMeh has a raw power output of

30 watts for a lead telluride system and 50 watts for a silicon-germanium system. As-

sociated with each of these systems is a heat rejection temperature of 350°F for lead

telluride and 500°F for silicon-germanium system. The hot junction temperature is

1000°F and 1500°F respectively. The limitation on output is due to the radiator required

to meet the SLRV-Surveyor envelope constraint. With a modification of DIBSI on the

rear axle it may be possible to increase the maximum raw power output of an RTE by
another 10%.

The weights of various pa_rts of the RTE are summarized in Tables II. 3-16, -17, -18

for different containment phi]osopbics. Tkese data have been supplied by Martin-

Marietta, Nuclear Division. A summary of this information appears in Table II. 3-19

The physical size and component weights of the RTE were ua_u on _, ........

output versus time shown in Figure II. 3-61. The power flattening is accomplished by

a hea',: dump door, whose opening is controlled by the hot junction temperature of the

conversion elements.

As presently conceived sufficient tsotopes will be provided to permit a 30-day slip of

the launch window mid permit sufficient time for checkout procedures.
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TABLE II. 3-16"

EARTH RE-ENTRY CONTAINMENT, LUNAR CONTAINMENT PHILOSOPHY

Parts PbTe (30 watts) SiGe (30 watts) SiGe (50 watts)

Lunar impact

protection

Ablative material

Radiator fins

Heat dump

mechanism

Basic generator

6.25 lbs

3.25

4. 00

1.50

5.50

6.25 lbs

3.25

3.00

1. 50

5. O0

7.50 lbs

4.50

4.00

i.50

5.50

Total 20.5 lbs 19.0 lbs 23.0 lbs

TABLE II.3-17 *

EARTH RE-ENTRY CONTAINMENT,
NO LUNAR RE-ENTRY CONTAINMENT PHILOSOPHY

Parts PbTe (30 watts) SiGe (30 watts) SiGe (50 watts)

Lunar impact

protection

Ablative material

Radiator

Heat dump

mechanism

Basic generator

1.0 lbs

2.0 lbs

4.0 lbs

1.5 lbs

5.5 lbs

1.0 Ibs

2.0 lbs

3.0 lbs

1.5 lbs

5.0 lbs

1.25 lbs

2.5 lbs

4.0 lbs

lbs

lbs

Total 14.0 lbs 12.5 lbs 14.8 lbs

* Does not include other Power Subsystem elements
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TABLE II.3-18"

EARTH BURN-UP, NO LUNAR RE-ENTRY CONTAINMENT PIIILOSOPHY

Parts PbTe (30 watts) SiGe (30 watts) SiGe (50 watts)

Lunar inpact

protection

Ablative material

Radiator

Heat dump
mechanism

Basic generator

0.5 lbs

0.5 lbs

4.0 lbs

1.5 lbs

5.5 lbs

0.5 lbs

0.5 lbs

3.0 lbs

1.5 lbs

5.0 lbs

0° 75 lbs

1.0 lbs

4.0 lbs

1.5 lbs

5.5 lbs

Total 12.0 lbs 10.5 lbs 12.3 lbs

TABLE II.3-19"*

SUMMARY OF CONTAINMENT PHILOSOPHY

Containment Philosophy PbTe (30 watts) SiGe (30 watts) SiGe (50 watts)

1 -- Presently accepted

philosophy (Earth

containment, lunar

containment)

2 -- EARTH containment,

no lunar containment

3 -- EARTH burn-up, no

linear containment

1.4 watts/lb 1.55 watts/lb 2.1 watts/lb

•, /.q

2_ 1 watts/ID

2.5 watts/lb

2.4 watts/ib

2.85 watts/lb

3.35 watts/ib

4.0 watts/lb

* Does not include other Power Subsystem elements.

** Spec_Aic power on raw power output basis.
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RAW POWER

(ELECTRICAL)
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\

IO0-tlO

END OF MISSION

Figure II. 3-61. Electrical Power Output vs.Time (RTE)

. Integration of on RTE

An RTE power supply can be readily integrated into the SLRV vehicle. Its

location on the rear axle will satisfy the dimensional envelope constraints imposed by

stowage requirements on the SLRV for earth-moon transit and will |atisfy lunar loco-

motion requirements imposed by the vehicle. Figure II. 3-62 show| conceptually, the

ltTE installation on the vehicle's rear axle.

During earth-moon transit the heat dump door will be in the open position viewing space.

A thermal shield must be added to prevent heat rejection to the rear of the vehicle. If

mounted on the SLRV, this shield must be removed prior to operation of the vehicle; ff

mounted on the surveyor, it may remain ff it doesn't interfere with the surveyor opera-

tion. This will be investigated in Phase II.
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An electrically heated prototype using a PbTe conversion system with a raw

power output of 30 watts could be built and be ready for qualifications testing by Sep-

tember, 1965 if work started on this device by July, 1964. * The technology for this

system is well advanced and as such the probability of meeting the required schedule

is high.

An RTE incorporating a SiGe conversion system up to a 50-watt level could also be

built and be ready for qualification testing by September, 1965 if work started by July,

1964. However, the technology for this system is not as far advanced as is the PbTe

system due to the higher temperatures involved and to the limited experience on a

SiGe conversion system. In view of this, a higher risk in meeting early launch sched-

ules is involved than in the PbTe system. Reducing the capsule temperature during

earth-moon transit (see Paragraph 2 ) will help to reduce the schedule risk.

6. Conclusions

In spite of the greater schedule risk which is involved by the use of SiGe

tlmrmocouples it is concluded that an RTE should incorporate this type of conversion

device. The weight of such a unit will be less than one incorporating PbTe conversion

elements and growth potential (to 50 watts) is available. This conclusion does not
include cost as a factor.

111.12.7 Preliminary Requirements for an RTE

A document was prepared stating the prelimir, ary requirements for an RTG.

These requirements resulted from a study comparing solar-cell battery power supply

performance with an RTE power supply. This document appears at the end of this

section. The document has been issued to JPL in order to determine the feasibility

for developing an RTE with the characteristics described within the time schedule of
interest.

* The September 1965 date was derived from a scheduled launch date of early 1966.
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N. PRELIMINARY REQUIREMENTS FOR AN RTE

1. General

Component Parts

For this document, the component parts of an RTE consist of the fuel (radio-

isotope), capsule, shielding (if required), thermocouple modules, insulation, radiator

and the necessary structural members required to assemble the component parts into

a single operating power source subsystem.

Operational Concept

The RTE will supply the power and energy required to a power conditioning

subsystem, a storage subsystem, a power distribution subsystem and loads.

2. Power Output

Average Power

The average power developed by the RTE at the design voltage, V D, and for the

duration of the mission is shown as a function of weight in Figure II. 3-63.

Power Profile

The output power profile for the RTE is permitted to vary during the mission

life in a manner shown in Figure II. 3-64, Curve A or may be an essentially constant

power output as shown in Figure II. 3-64, Curve B. The output power shown in Figure

II. 3-64 is at the design voltage, VD, which corresponds to points 1, 2, and 3 on the

I-V curves shown in Figure IT. 3-65.

Design VoJtage

The design voltage, V D, is specified as the voltage at the maximum power

point at mid-life. For the purpose of this preliminary specification, mid-life occurs

at the end of 1 month of mission life. The design voltage is shown on the I-V curves
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of Figure If.3-65. These I-V curves correspond to the variations expected for

Curve A, Figure If.3-64.

3. Weight

For an average power output from the RTE a corresponding weight is shown in the

graph of Figure If. 3-63. The weight of the RTE must include all component parts

itemized in paragraph 1.

4. Volume

The size of an RTE unit must fit into the envelope dimensions shown in Figure

If. 3-66. The horizontal projected area is nominally 400 in 2.

5. Life Requirements

The mission life shall be 2 months. Due to considerations of capsule loading,

launch pad time requirements and transit time approximately 1.5 months shall be added

to mission life to establish the life requirements of the RTE. This is a total of 3.5 months.

6. Mission Constraints

Temperature Tolerance

For operating conditions, the radiating surface and direction of radiation

nf _-h_ I_T_ ]o oh,_,,m _n _o_,_,_ 17 2-a7 Tt i q not P._nP.o,te_d that the temoerature of the

radiating surface will adversely affect SLRV components if the rejected heat is dis-

sipated as shown.

During the transit phase to the moon, additional radiating surfaces can be

added to the operational RTE radiator to maintain a safe temperature for the RTE

components.

A suitable means can be developed to maintain a safe temperature for the

RTE components on the launch pad.

II. 3-105



GM DEFENSE RESEARCH LABORATORIES _) GENERAL MOTORS COR PO R ATI

TR64-26

Nuclear Radiation Tolerance

The maximum permitted dosage at Surface A in Figure 5 shall be 106 fads over

the life requirements of the SLRV. It can be assumed that 1/16 of aluminum will be

used to enclose the electronic components in its compartment.

Environmental Requirements

The vibration and shock loads for the RTE are as specified by the Surveyor

Spacecraft. (1) It is expected that the radioisotope capsule safety test program will

subject the capsule to conditions well in excess of the loads imposed on the RTE by the

SLRV mission. The remaining components of the RTE will be tested in accordance to

the referenced document. (I)

Lunar operation will impose on the RTE shock and vibration loads below that

which is imposed on the RTE by the Surveyor Spacecraft.

Lunar-Night Operation

It is not anticipated that the rejected heat from the RTE will be used as a heat

_ ......._ _._..... L.._,_-lung- night. However, the electrical power which can be generated by the

RTE may be used for compartment heating. This requirement is of secondary importance.

7. Schedule

The number of RTE units required and delivery dates are outlined below.

4 Engineering test models (unqualified -- April 1965)

°2 mechanical models

(1)
ttughes Aircraft Company, Specification No. 239503, Rev. C, Surveyor Basic Bus

(2100 pounds) Payload Interface Requirements and Spacecraft Description, 20 No-
vember 1963.
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• 1 Electrical model

• 1 Thermal model

*2 Prototypes

1 Flight Model

- September 1965

- April 1966

Remaining Flight Models at 2 months intervals

to a maximum of 12 total flight units.

*Electrically heated capsules are required for these items.

"No electrical power output is required for these items.

CORPORATION
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Units and components required for safety program, reliability testing and spares

are not included in the above listing at this time.
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II. 3-107



GM DEFENSE RESEARCH LABORATORIES (_ GENERAL MOTORS CORPORATI

TR64-26

L_
W
.J
hl

rr
W

O

MAX
POW ER

AVG
POWER

PRE- LAUNCH _--_ MISSION -I-J

I
VEA I

I

I
l

_ 2 J
_ APPROX. I._ -I/

TIME (MONTHS)

Figure II. 3-64. Electrical Power Output vs weight

VD=MAXIUM POWER POINT FOR MID-LIFE CURVE

"r

TART OF LIFE

i°
\ \ _ .O-L,FE

PO,N,®" ". _\ ._ \
"_ _[ "< _ ENOOFL,FE

v

Figure II.3-65. I-V Curves where Power Output Varies with Time

II. 3-108



M DEFENSE RESEARCH LABORATORIES (_ GENERAL MOTORS CORPORATION

TR64-26

n
II

II II _/_
II 1 1

I I

-_I Illl l I I-I!I _I/I

! -7 vo_o.,,v,.,,._, /'_'--"

,_'_
J, / I/ _ ,It
.L_.___._( V \ III

_r L,,, I ,'--t I---
_-._

i.---i- Ie"_ ¢'-Q

,, .,

__,o__

!T22"

I { AXL.[

/!/.:

Figure II.3-66. RTE Envelope Dimensions

SURFACE '*A** /

HEAT REJECTION

o_o //

27 _

Figure II. 3-67. Pictoral Representation of an RTE

H. 3-109



GM DEFENSE RESEARCH LABORATORIES _ GENERAL MOTORS CORPORATIO

TR64-26

O. RTI

A review of power supplies for the SLRV mission indicated that an RTI

system is worthy of study. On the surface, it has many advantages which look very

attractive. It is inherently a low weight and small volume device and the high tempera-

ture associated with its operation requires a comparatively small radiator. However,

the associated equipment required, such as the DC to DC converter may weigh as

much as 12 lbs for reasonable efficiency (70%) at the power levels required by the

SLRV mission. In addition its high-temperature operation, normally an advantage,

creates many problems with regard to isotope, capsule, and materials. The exper-
ience on the SNAP 13A device bears this out.

A number of vendors namely, Martin-M_rietta Corp. and General Atomics were con-

tacted to supply specific information with regard to operating characteristics, physical

characteristics and schedules for an RTI. In both cases, the opinion was that there is

no advantage to this system over an RTE on a weight basis and it does not look

promising on a system basis at these power levels. Further, it is out of the question
with regard to the time schedules of interest.

As a result of this investigation it is recommended that this system be discarded for
this mission.
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APPENDIXIV

TELEMETRYSUBSYSTEM

A. TELEMETRY DATA REQUIREMENTS

The telemetry data requirements for the SLRV have been finalized. These

requirements have been distributed among the three axles and detailed listings are

shown in Tables II. 4-1, II. 4-2 and II. 4-3 for the front, center, and rear axles

respectively.
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B. SUMMARY OF TELEMETRY REQUIREMENTS

A summary of the telemetry requirements for the SLRV are shown in

Table II. 4- 4.

TABLE II. 4-4

SUMMARY OF TELEMETRY REQUIREMENTS

(Exclusive of DIBSI Force and Acceleration Experiments)*

Analog Channels - Axle No. 1 - 16
Axle No. 2 - 24

Axle No. 3 - 14

Total - 54

Digital Bits Axle No. 1 - 85

Axle No. 2 - 73

Axle No. 3 - 5

Total - 163

Interaxle Telemetry Wiring Requirements

No electronics compartment on 3rd axle With electronics

compartment

on 3rd axle

Axle No. ltoAxle No. 2 Axle No. 2 to Axle No. 3

Power for Telemetry

Timing for Telemetry

Telemetry Serial

Output

- 5 leads

- 2

- 3

Total - 10 leads Total

Telemetry data - 16 leads Telemetry data 2
Ground lead - 1 Timing 2

Prime DIBSI DIBSI Output

Exp. - 2 (Prime) 2

Power 5
- 19 leads

Total 11

*DIBSI force and acceleration experiments will be transmitted separately on two sub-

carriers; one subcarrier for force and one for acceleration. The number of sub-

carriers may be reduced to one by placing the force experiment directly on base-
band.
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C. DATA-FRAME FORMAT

The data-frame format for the SLRV Telemetry Subsystem has been deter-

mined. The format for the "TV-Data", "DIBSI-Data", and "Routine-Data" Modes is

shown in Tables II.4-5, II.4-6 andII.4-7 respectively.
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TABLE II. 4-5. DATA FRAME FORMAT FOR "TV DATA" MODE

Data Points

TV Regulated Voltage Input

TV System Current Drain

TV Camera Azimuth Angle

Vidicon High Voltage

Vidicbn Incident Light

Spares

Zero Volts Telemetry Calibration

Full-Scale Telemetry Calibration

Spares

Clinometer Data (Roll)

Clinometer Data (pitch)

Sun Azimuth Angle
TV Camera Sun Shutter

TV Mast Limit Switch

Spares

Spar e s

Frame Synehroniz ation
Mode Identification

Analog Channel Requirements

Analog Words

1

1

1

1

1

5 (max)

I

1

2 (max)

Axle

Front

Center

Digital Channel Requirements

Bits Axle

Front

Center

20

20

10

5

1

10

10

33 (max)
2
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TABLE II. 4-6. DATA FRAME FORMAT FOR "DIBSI DATA" MODE

Data Points

Zero Volts Telemetry Calibration

Full-Scale Telemetry Calibration

Battery Voltage

Total Battery Current Drain

Total Regulated Current

Regulated Output Voltage (23 to 25v)

Regulated Output Voltage (6 to 7v pos)

Regulated Output Voltage (6 to 7v neg)

Analog Channel Requirements

Analog Words

Spares 3

DIBSI Drive Motor Current

DIBSI Displacement (A)

DIBSI Displacement (B)

DIBSI Temperature (A)

DIBSI Temperature (B)

Spares

(max)

(max)

Axle

C enter

Re ar

Diagnostic and Control Verification

Diagnostic and Control Verification

DIBSI Limit Switch (A)
l.-_T'Ir_t-_'r T -,____- ¢t__._*J._1_ #I-_,

lJlDO.t l._lllllb _WlI,L;ll _D]

Digital Channel Requirements

Bits Axle

18 (max) Front

C enter65 (max)
1

1

Spares 10. (max) Front

Spares 10 (max) Center

Frame Synchronization 33 (max) -
Mode Identification 2
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TABLE II. 4-7. DATA FRAME FORMAT FOR "ROUTINE DATA" MODE

Data Points

Drive Motor #1 Current

Wheel Housing #i Temperature

Drive Motor #2 Current

Wheel Housing #2 Temperature

Front Axle Steering Position

Steering-Motor Temperature

Vidicon Faceplate Temperature

Vidicon Incident Light

Front Axle Compartment Tempera-

ture (A)

Center Axle Compartment Tempera-

ture (B)

Rear Axle Compartment Tempera-

ture (C)

Vidicon Filament Voltage

Spares

Drive Motor #3 Current

Wheel Housing #3 Temperature

Drive Motor #4 Current

Wheel Housing #4 Temperature

Zero Volts Telemetry Calibration

Full-Scale Telemetry Calibration

Center Axle Compartment Tempera-

ture (A)

Center Axle Compartment Tempera-

ture (B)

Center Axle Compartment Tempera-

ture (C)

Receiver AGC (VHF)

Transmitter PA Voltage (VHF)

Transmitter Output Power (VHF)

Analog Channel Requirements

Analog Words

1

1

1

1

1

1

1

1

1

1

2 (max)

1

1

1

1

1

1

1

1

1

1

Battery Temperature

Battery Voltage

Battery Charge Current

Battery Pressure

Total Battery Current Drain

Total Regulated Current

DC to DC Converter for RTG

1

1

1

1

1

1

3

Axle

Front

Center
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TABLE II. 4- 7.

TR64-26

DATA FRAME FORMAT FOR "ROUTINE DATA"

MODE (Continued)

Data Points --.

Regulated Voltage Output (23 to 25v) 1

Regulated Output Voltage (6 to 7v pos) 1

Regulated Output Voltage (6 to 7v neg) 1

Spares 3

Drive Motor #5 Current 1

Wheel Housing #5 Temperature 1

Drive Motor #6 Current 1

Wheel Housing #6 Temperature 1

Rear Axle Steering Position 1

Steering-Motor Temperature 1

Solar-Panel Temperature (A) or

Radiator Temperature on RTG 1

Solar-Panel Temperature (]3) or

Radiator Temperature on RTG 1

Solar-Panel Elevation 1

Spares 2

Wheel Housing #i Pressure

Wheel Housing #2 Pressure

Radioisotope Heating Pellet Position

Analog Channel Requirements

Analog Words

(max)

(max)

Axle

C enter

Rear

Steering-Motor Pressure

Clinometer Data (Roll)

Ciinometer Data tr_,,j_

Sun Azimuth Angle

TV Camera Sun Shutter

1

20

20

i0

5

Bits Axle

Diagnostic and Control Verification

Thermal Controller Switches

Spares

Wheel Housing #3 Pressure

Wheel Housing #4 Pressure

Wheel #3 Clutch Position

Wheel #4 Clutch Position

Wheel #3 Rotation

Wheel #4 Rotation

Radioisotope Heating Pellet Position

Diagnostic and Control Verification

18

4

10 (max)

1

1

1

1

1

1

1

65

Front

Center
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TABLE IZ. 4-7. DATA FRAME FORMAT FOR "ROUTrNE DATA"

MODE (Continued)

Data Points

Thermal Controller Switches

SLRV Identification

VHF Antenna Erected and Locked

Wheel Housing #5 Pressure

Wheel Housing #6 Pressure

Steering-Motor Pressure

Spares

Frame Synchronization
Mode Identification

Digital Channel Requirements

Bits

6

1

1

1

1

1

20 (max)

33 (max)
2

Axle

Center

Rear
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APPENDIXV

COMMANDANDCONTROLSUBSYSTEM

A° FUNCTIONAL DESCRIPTION

The Command and Control Subsystem will provide the necessary synchronizing

control, timing control, accumulation registers, command decoding, error checking

and emergency controls to allow the operator at the DSIF to command the SLRV with a

high degree of reliability and confidence.

The subsystem logic will be physically separated according to the areas where different

subsystem control is required; this will provide a limit on the number of wires between

the axles of the vehicle. The Vehicle Central Decoder (VCD), which takes the data

output from the Communications Subsystem, accumulates the serially received instruc-

tion bits, checks for transmission errors, identifies the SLRV commands, generates

subsystem timing, and transfers a portion of the instruction word to the Vehicle Sub-

system Decoders (VSD's) if SLRV identification has been made. The VSD's, of which

there are two, will decode the data bits and produce a signal for the control device of

the particular subsystem for which the command was intended.

° Instruction Format & Coding

The SLRV Command and Control Subsystem Will De compa¢iole wlln [ne u.,x.l_l,J.ll_;
Surveyor Instruction Format and Instruction Coding, which are defined as follows:

• Instruction Format:

• Instruction Coding:

Bit order in instruction word.

How the instruction word is broken up for
transmission.

The Surveyor Instruction Format comprises the following data in the sequence shown:

(a) Four bits of Word Synchronization data

(b) Five bits of Address Complement data

(c) Five bits of Address True data

(d) Five bits of Order Complement data

(e) Five bits of Order True data

The instruction bit rate for serial data transmission from Earth to Surveyor is 48

bits per second on a 2.3-kc subcarrier. This same rate will be used for re-

laying the instruction word to the SLRV on the Indirect Link. This rate requires
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0.5 second for the transmission of a complete instruction word° The Instruction

Coding for transmission of Surveyor instruction words utilizes a form of split-phase

Non-Return to Zere (NRZ) as shown in Figure II. 5-1.

CLOCK

DATA

FORM OF SPLIT I
l

PHASE NRZ __._J

20.8m=

WORD SYNC

I 0

k__I--1

I I

0 I

r-l_

I I I I I

DATA BITS

I O 0 I 0 I

!

SURVEYOR

INSTRUCTION I
CODING ___J I I L

Figure II. 5-1. Surveyor Instruction Code

The Surveyor Instruction Code requires:

(1) The Word-Sync data be contained in two clock periods at an uninterrupted

logical "1" level followed by two clock periods at an uninterrupted logical
"0" level.

(2) A level transition occurring at the start of each clock period during the
time the data bits are to be transmitted.

(3) The second half of each clock period to be at the logical level specified by
the particular data bit to be transmitted.

The SLRV Command and Control Subsystem 6erives the Word-Sync, data bit timing,
and data information from the information contained in the items listed above_ This

function will be accomplished in the VCD.

, Command Requi rements

Tables II. 5-1 through 5-3 are the lists of commands required for controlling

the various subsystems of SLRV. The commands listed in Tables II. 5-1 and III. 5-2

are addressed to SLRV; the commands listed in Table II. 5-3 are addressed to Surveyor.
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TABLE II 5-I

NON-LOCOMOTION COMMAND LIST (MODAL SYSTEM)

CORPORATION

TR64-26

To Front and Center Compartments for Front and Center AMes

1o CLEAR

2. CHARGE MODE

3. OPERATE MODE

4, TV MODE

5. COMPARTMENT HEAT ON

6. COMPARTMENT HEAT OFF

To Front Compartment for Front Axle

7o TV STANDBY

8. TV ON

9. TV OFF

10. TV AZIMUTH STEP CLOCKWISE

11. TV AZIMUTH STEP COUNTERCLOCKWISE

12o TV HEIGHT STEP

13° TV SUN SENSOR OVERRIDE

14. TV PICTURE SEQUENCE

To Center Compartment for Center Axle

15. HIBERNATE MODE SELECT

16. nlz_r_r_NATE MODE ALERT

17. HIBERNATE MODE EXECUTE

18. XMTR LOW POWER

19. X MTR HIGH POWER

20. XMTR OFF

21. XMTR HIGH POWER SELECT

22. RANGE MEASUREMENT ON

23. RANGE MEASUREMENT OFF

24. TLM ON

25. TLM OFF

26. VSD ON

27. VSD OFF

28. ERROR OVERRIDE

29. EMERGENCY STOP OVERRIDE
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To Centcr Compartment for Rear Axle

30. DIBSI SELECT

31. DIBSI DEPLOY

32. DIBSI RETRACT

33. DIBSI START

34. DIBSI STOP

35. SOLAR PANEL STEP UP

36. SOLAR PANEL STEP DOWN

TABLE II. 5-2

LOCOMOTION AND STEERING COMMANDS

To Front and Center Compartments for All Axles

37. LOCOMOTION FORWARD

38° LOCOMOTION REVERSE

To Front and Center Compartments for Front and Rear Axles

39. STEER CENTER

40. STEER STEP RIGHT

41. STEER STEP LEFT

42. STEER HARD RIGHT

43. STEER HARD LEFT

44. WHEEL DISCONNECT ALERT

45. WHEEL DISCONNECT EXECUTE

To Front Compartment for Front Axle

46. WHEEL DISCONNECT SELECT FRONT RIGHT

47. WHEEL DISCONNECT SELECT FRONT LEFT

48. STEERING INHIBIT FRONT

To Center Compartment for Rear Axle

49. WHEEL DISCONNECT SELECT REAR RIGHT

50. WHEEL DISCONNECT SELECT REAR LEFT

51. STEERING INHIBIT REAR

To Center Compartment for Center Axle

52. WttEEL CLUTCH DISENGAGE CENTER RIGHT

53. WHEEL CLUTCH DISENGAGE CENTER LEFT

54. WHEEL CLUTCHES ENGAGE CENTER RIGttT AND LEFT

55. LOCOMOTION CONTINUOUS SELECT

56. LOCOMOTION STOP SELECT RIGHT

57. LOCOMOTION STOP SELECT LEFT
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TABLE II. 5-3

SURVEYOR-BASED SLRV EQUIPMENT COMMANDS

CORPORATION

TR64-26

Command
Number Command

lo

2.

3.

4.

5.

6.

7.

CLEAR

SLRV DEPLOY SELECT STEP ONE

SLRV DEPLOY SELECT STEP TWO

SLRV DEPLOY SELECT STEP THREE

SLRV DEPLOY ALERT

SLRV DEPLOY EXECUTE

VHF XMTR LOW POWER

So

9.

i0.

Ii.

12.

13.

14.

15.

16.

17.

VHF XMTR HIGH POWER

VHF XMTR OFF

VHF RCVR ZERO NARROW BAND

VHF RCVR ZERO WIDE BAND

VHF RCVR ZERO OFF

VHF RCVR ONE NARROW BAND

VHF RCVR ONE WIDE BAND

VHF RCVRONE OFF

RANGE MEASUREMENT

BEARING MEASUREMENT

All commands which elicit controls performing irreversible functions have the

_u_uw ,,,_ L'e_l_-_lZ_iii_.

(1) Associated controls must be verified by the ground-console operator before

the function is performed.

(2) The actual command which causes the function to be performed must be a dual

command wherein an Alert command is followed by an Execute command

within a specified time period.

(3) If there are several similar functions from which to select, the choice will

be eCffected by separate Select commands. (These will also serve for the

requisite ground verification mentioned above).

These rules give rise to the Select-Alert-Execute command sequences appearing on the
command lists.
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Non-Locomotion Corn mands

The commands listed in Table II. 5-1 cause the following actions to

CLEAR

This command resets the functions of Error-Storage, Error-

Override, Emergency-Stop-Storage, Emergency-Stop Override,

Steering-lnhibit, Hibernate-Mode-Select, Wheel-Disconnect-

Select, TV-Sun-Sensor-Override. This command also serves as

an emergency command to stop locomotion, steering, DIBSI

deployment and retraction, and DIBSI operation.

HIBERNATE MODE SELECT

HIBERNATE MODE ALERT

HIBERNATE MODE EXECUTE

The first of these three commands prepares the SLRV for entering

hibernation. Then, sending the second and third commands as a dual

command, turns off power to the Television and Telemetry Sub-

systems, tothe transmitter and to the VSD, and puts the Power Sub-

system in the charge configuration. After a short time delay, the

Power Subsystem is put in the hibernate configuration.

CHARGE MODE

This command turns off power to the Television and Telemetry

Subsystems, and to the transmitter and the VSD; it puts the Power

Subsystem in the charge configuration.

OPERATE MODE

This command turns on power to the Television and Telemetry Sub-

systems, and to the transmitter and the VSD. It puts the Power

Subsystem in the normally operating configuration, the Television

Subsystem in a standby state, and selects transmitter low power_

TV MODE

This command turns on power to the Television and Telemetry

Subsystems, and to the transmitter and the VSD. It puts the Power

Subsystem in the normally operating configuration, turns on high

power to the Television Subsystem, and selects "TV Input" for the

Telemetry Subsystem. If the TV-Picture Mode is entered from the

Operate Mode, and ff the command XMTR tlIGtt POWER SELECT has

been sent, then the command TV MODE selects transmitter high

power.
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TV STANDBY

This command turns on power to the Television Subsystem, turns

off television high power, and selects transmitter low power.

TV ON

This command turns on power to the Television Subsystem, turns on

television high power, selects "TV Input" for the Telemetry Sub-

system, and selects transmitter high power if the command XMTR

HIGH POWER SELECT has been sent.

TV OFF

This command turns off television high power, turns off power to the

Television Subsystem, and selects transmitter low power.

TV AZIMUTH STEP CLOCK%VISE

TV AZIMUTH STEP COUNTERCLOCKWISE

These commands rotate the television mast one step in the appropriate

direction.

TV HEIGHT STEP

This command alternately raises and lowers the television mast.

TV PICTURE SEQUENCE

This command starts the television-picture sequence to produce one

video frame.

TV SUN-SENSOR OVERRIDE

Ttlis commana overricles the automatic operation of the sun shutter°

XMTR LOW POWER

This command turns on power to the transmitter and selects

transmitter low power; itresets the XMTR High-Power Select

storage function.

XMTR HIGH POWER

This command turns on power to the transmitter and selects

transmitter high power.

XMTR OFF

This command selects transmitter low power, and turns off power

to the transmitter.
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• XMTR HIGH POWER SELECT

This command sets the XMTR High-Power Select storage function so

that transmitter high power is selected automatically during the

operations of television, ranging, and DIBSI.

• RANGE MEASUREMENT ON

This command selects "Range Input" for the Transmitter, selects

transmitter high power if the command XMTR HIGH POWER SELECT

has been sent, and selects "Wide Band" for the receiver.

• RANGE MEASUREMENT OFF

This command selects transmitter low power, selects "Narrow Band"

for the receiver, and removes the 'rRange Input" selection for the
transmitter.

• TLM ON

• TLM OFF

These commands control power to the Telemetry Subsystem.

• VSD ON

• VSD OFF

These commands control power to the VSD.

• ERROR OVERRIDE

This command overrides the authority of the error checking

function, thus allowing commands to be "active" regardless of
instruction errors.

• EMERGENCY STOP OVERRIDE

This command overrides the authority of the emergency-stop function,

thus allowing locomotion, steering, and DIBSI functions to continue

in spite of having received an emergency-stop signal.

• DIBSI SELECT

This command alternately selects the right and the left DIBSI unit

for response to the other DIBSI commands, and selects the

corresponding data channel.

• DIBSI DEPLOY

This command deploys the selected DIBSI unit, selects "DIBSI Input"

for both the Telemetry Subsystem and the transmitter. Selects
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• transmitter high power if the comm_r:d :_MTR IIIGII POWER
SELECT has been sent, and provides for the transmitter to

receive calibration voltages on the DIBSI data lines.

• DIBSI RETRACT

This command retracts the DIBSI unit. When the unit becomes

fully retracted, transmitter low power is selected and the "DIBSI

Input" selection for both the Telemetry Subsystem and the trans-
mitter is removed.

• DIBSI START

This command starts the automatic operation of the DIBSI experi-
ment and the transmitter receives force and acceleration data on

the DIBSI data lines.

• DIBSI STOP

This command stops operation of the DIBSI experiment, and the

transmitter receives calibration voltages on the DIBSI data lines.

• SOLAR PANEL STEP UP

• SOLAR PANEL STEP DOWN

These commands rotate the solar panel one step in the appropriate
direction.

• COMPARTMENT HEAT ON

A CC)MPARTMI_.NT 14_.AT n_"

These commands, respectively, move the heating pellets in and out
nf the A!eetro:Acs cempzrCmer_.

Locomotion and Steering Commands

The commands listed in Table V. 1-2 cause the following actions to

LOCOMOTION FORWARD

LOCOMOTION REVERSE

These commands start vehicle locomotion in the appropriate

direction. If command No. 55 (see Table II.5-2) was given prior

to these commands, then these commands must be terminated by

commands No. 56 or 57 (see Table II. 5-2).

LOCOMOTION STOP SELECT RIGHT
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• LOCOMOTION STOP SELECT LEFT

These commands select the odometer switch that will stop

locomotion after one wheel revolution.

• LOCOMOTION CONTINUOUS SELECT

This command allows locomotion, once started, to continue

without being stopped by an odometer switch.

• WHEEL CLUTCH DISENGAGE CENTER RIGHT

• WHEEL CLUTCtt DISENGAGE CENTER LEFT

• WHEEL CLUTCHES ENGAGE CENTER RIGHT AND LEFT

These three commands control the mechanical coupling of loco-

motion drive power to the center wheels.

• WHEEL DISCONNECT SELECT FRONT RIGHT

• WHEEL DISCONNECT SELECT FRONT LEFT

• WHEEL DISCONNECT SELECT REAR RIGHT

• WHEEL DISCONNECT SELECT REAR LEFT

• WHEEL DISCONNECT ALERT

• WHEEL DISCONNECT EXECUTE

Of these six commands, the first four commands select a wheel.

Then, sending the last two commands as a dual command causes

the mechanical coupling of locomotion drive power to the selected

wheel to be irreversibly removed via an explosive squib.

• STEER CENTER

• STEER STEP RIGHT

• STEER STEP LEFT

• STEER HARD RIGHT

• STEER HARD LEFT

These five commands yaw the front and rear axles to steer the

vehicle.

• STEERING INHIBIT FRONT

• STEERING INHIBIT REAR

These commands allow single-axle vehicle steering.
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Surveyor-Based SLRV Equipment Commands

The commands listed in Table II.5-3

occur on board Surveyor.

• CLEAR

CORPORATION

TR64-26

cause the following actions to

This command resets the SLRV deployment selectors and the range

measurement and bearing measurement controls.

• SLRV DEPLOY SELECT STEP ONE

• SLRV DEPLOY SELECT STEP TWO

• SLRV DEPLOY SELECT STEP THREE

• SLRV DEPLOY ALERT

• SLRV DEPLOY EXECUTE

These five commands deploy the SLRV from the Surveyor spacecraft.

The first Select command is sent and then verified on the ground

console via Surveyor telemetry. Then the Alert-Execute dual

command is sent causing the Select command to be carried out.

Then the first Select command is cleared and the second Select

command is sent, and the entire cycle is repeated. The same

is done for the third Select command.

• VHF XMTR LOW POWER

tra_mi_er low power.

_YTT_

• ¥ 111" L_v:T_ .............

This command turns on power to the VHF transmitter and selects

transmitter high power.

• VHF XMTR OFF

This command turns off power to the VHF transmitter and

selects low power.

• VHF RCVR ZERO NARROW BAND

This command turns on power to the first VHF receiver and selects

narrow band response.

• VHF RCVR ZERO WIDE BAND

This command turns on power to the first VHF receiver and selects

wide band response.

• VHF RCVR ZERO OFF

This command turns off power to the VHF receiver,
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0

VHF RCVR ONE NARROW BAND

VHF RCVR ONE WIDE BAND

VHF RCVR ONE OFF

These three commands are similar to the three previous ones but

are for the second VHF receiver. Two receivers are required for

the bearing measurement;but, for relaying SLRV data backto Earth,

one receiver serves as a back-up for the other.

RANGE MEASUREMENT

This command sets the range measurement configuration and the

configuration is reset by the CLEAR command.

BEARING MEASUREMENT

This command sets the bearing measurement configuration and this

configuration is reset by the CLEAR command.

Mode Transitions

For the convenience of the earth-based operator and for command

redundancy purposes, mode commands have been included in the command list. The

mode diagram in Figure II.5-2 shows the permissible mode transitions and the sub-

system states brought about by each mode command. The following operations will be

normally performed in the Operate Mode.

I1) Locomotion

(2) Steering

(3) DIBSI experiment

(4) Solar panel motion

(5) Range and bearing measurements

(6) Compartment heat control

However, these can also be performed in the TV Mode. Note from the diagram that

the TV-Picture mode can be entered directly from the Charge Mode; this capability

was included for redundancy purposes and for design simplicity, but in normal

operation this mode transition will probably not be used. Note also that the Hibernate

Mode can be entered from any other mode. Note also that the Hibernate Mode can

be entered from any other mode; this was done for design simplicity, and does not

represent a hazard since a sequence of three commands is required to effect

this mode transition; however, in normal operation this transition will probably be

made from the Charge Mode. When the transmitter is on, it will normally be at the

low power level. However, if the command XMTR HIGH POWER SELECT is sent,

subsequent operations of television, ranging , or DIBSI will automatically switch

the transmitter to the high power level for the duration of the operation.
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3o 1-elemetry Points

Telemetry Points in the SLRV

is divided into

three sections

The list of command and control subsystem telemetry sampling points

three seetions and these are tabulated in Tables II.5-4, 5-5, 5-6. The

consist of the following:

(1) VCD (in center compartment);

(2) VSD, (in front compartment);

(3) VSD 2 (in eenter compartment).

The entries in each section are subdivided into the two categories of either "Verifi-

cation" or '_iagnostic".

The Verification entries are intended to confirm controls elicited in response to com-

mands received and, thus, represent a complete feedback around the system com-

mand loop from ground-operator intent to ground-operator verification (except for

those controls which are pulsed and, therefore, not telemetered). For the eases

where several controls are elicited by a single command, each of these controls is

listed separately. In order to include the situation where commands only cause re-

sponses in functions internal to the Command and Control Subsystem, these internal

functions are included in the Verification category. The Verification category also

includes SLRV-originated signals whose status should be known to the ground oper-

ator. (It is anticipated that each Verification signal will light a lamp on the SLRV

operating console to facilitate verification. )

The Diagnostic entries are intended for use only in cases where malfunction is sus-

pected. All entries in the telemetry list in Tables II.5-4, 5-5, 5-6, represent digital

signals requiring one sampling bit each.

In summary, there are a total of 89 telemetry sampling points in the SLRV Command

and Control Subsystem; 18 are loeated in the front compartment and 71 are located in

the eenter comlmrtment. Of the 89 points, 49 are Verification telemetry points and

40 are Diagnostic telemetry points. The detailed distribution appears in Table II. 5-7

Telemetry Points in the Surveyor Spacecraft

The telemetry sampling points associated with the Surveyor-based

SLRV Command and Control Subsystem are listed below. All entries arc in the

Verification category and all represent digital signals
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TABLE II. 5-4

MOTORS CORPORATION
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COMMAND AND CONTROL SUBSYSTEM TELEMETRY LIST FOR VCD

Verification

X

X

X

X

X

X

X

X

Diagnostic

X

X

X

X

X

X

X

X

X

X

X

X

X

X

x

In Center Compartment

Shift Register

Shift Register

Shift Register

Shift Register

Shift Register

Counter Stage

Counter Stage

Counter Stage

Counter Stage

Counter Stage

Stage One

Stage Two

Stage Three

Stage Four

Stage Five
One

Two

Three

Four

Five

Half Period Blanking
Address Bit

SLRV Address

Check

Error

Error Storage
Error Override

Emergency Stop

E_lJ_lgv.uy 3Lop Ovulridu

Bump
Tilt

Fade

Hibernate Select
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TABLE II. 5-5

COMMAND AND CONTROL SUBSYSTEM TELEMETRY LIST FOR VSD l

Verification

X

x

X

X

X

X

X

X

X

Diagnostic

X

X

X

X

X

X

X

X

X

In Front Compartment

Locomotion Power Front

Locomotion Motor Power Front, Forward

Locomotion Motor Power Front, Reverse

Wheel Disconnect Select Front Right

Wheel Disconnect Select Front Left

Steering Limit Right (front axle)

Steering

Steering

Steering

Steering

Limit Left (front axle)

Sector Right (front axle)

Sector Center (front axle)

Sector Left (front axle)

Steering Inhibit Front

Steer Step (front axle)

Steer Center (front axle)

Steering Power Front

Steering Motor Power Front, Right

Steering Motor Power Front, Left
TV Power

TV High Power Control
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COMMAND AND CONTROL SUBSYSTEM TELEMETRY LIST FOR VSD 2

Verification Diagnostic In Center Compartment

X

X

X

X

X

X

X

X

X

X

X

X

x

x

x

x

x

x

x

X

X

X

X

X

X

X

X

X

Locomotion Power Center

Locomotion Motor Power Center, Forward

Locomotion Motor Power Center, Reverse

Locomotion Power Rear

Locomotion Motor Power Rear, Forward

Locomotion Motor Power Rear, Reverse

Stop Selector Right

Stop Selector Left

Wheel Switch Right

Wheel Switch Left

Odometer Right Wheel

Odometer Left Wheel

Wheel Disconnect Select Rear Right

Wheel Disconnect Select Rear Left

Steering Limit Right (rear axle)

Steering Limit Left {rear axle)

Steering Sector Right (rear axle)

Steering Sector Left (rear axle)

Steering Inhibit Rear

Steer Step (rear axle)

Steer Center (rear axle)

Steering Power Rear

Steering Motor Power Rear, Right

Steering Motor Power Rear, Left

VSD Power

XMTR Power

XMTR High Power Control

XMTR High Power Select

XMTR Range Input
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TABLE II.5-6

COMMAND AND CONTROL SUBSYSTEM TELEMETRY LIST FOR VSD 2 (Continued)

Verification Diagnostic In Center Compartment

X

X

X

x

X

X

X

X

X

X

x

X

X

X

X

x

X

X

XMTR DIBSI Input

TLM DIBSI Input

DIBSI Select Right

DIBSI Select Left

DIBSI Deploy/Retract Power Right

DIBSI Deploy/Retract Power Left

DIBSI Deploy/Retract Motor Power Right,

Deploy

DIBSI Deploy/Retract Motor Power Right

Retract

DIBSI Deploy/Retract Motor Power Left,

Deploy

DIBSI Deploy/Retract Motor Power Left,

Retract

DIBSI Operate Motor Power Right

DIBSI Operate Motor Power Left

DIBSI Calibrate

DIBSI Data

DIBSI Data Select Right
DIBSI Data Select Left

DIBSI Both Retracted

DIBSI Deployment Interlock

Note: "XMTR TV Input" and "TLM TV Input" will be telemetered from the trans-

mitter and the Telemetry Subsystem respectively.
I
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TABLE II. 5-7

TELEMETRY POLNT DISTRIBUTION

MOTORS CORPORATION

TR64-26

Section Verification

VCD

VSD,

VSD 2

8

9

32

Front

Compartment 9

Center

Compartment

Total

4O

49

Diagnostic Tot_tl

15

9

16

23

18

48

31

4O

9 18

71

89

requiring one sampling bit each. These signals will be sampled and telemetered by

the Surveyor telemetry subsystem.

SLRV Deploy Select Step One

_L_v _)eploy Select Step lwo

SLRV Deploy Select Step Three

VHF XMTR Power

VHF XMTR High Power Control

VHF RCVR ZERO Power

VHF RCVR ZERO Wide Band Control

VHF RCVR ONE Power

VHF RCVR ONE Wide Band Control

Range Measurement

Bearing Measurement
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B. FUNCTIONAL AND STRUCTURAL CONFIGURATION

The SLRV basic vehicle configuration requires that a Command and Control

Subsystem interface be provided as close as possible to the location of each of the

other subsystems. The interface with subsystems on the front and center axles will

be accomplished from the VSD located on the appropriate axle. The interface with

subsystems mounted on the rear axle will be accomplished from the VSD located on

the center axle because no thermally controlled compartment will exist on the rear
a_de.

The VCD, which accepts the instruction word to be operated upon, is located in the

center compartment on the center axle. The VCD derives the word-sync, data-bit

timing, and the data bits from data received from the Communications Subsystem.

The VCD then operates on the data and transfers the appropriate data to both VSD, and

VSD 2 for generating the appropriate subsystem controls.

1. Vehicle Central Decoder - VCD

Figures II. 5-3 through 5-6 collectively, constitute a block diagram of the

VCD. Figure II.5-3 shows the word-sync and bit-timing detectors. The input wave-

form from the receiver is passed through a noise integrator to remove transitions

relatively short as compared to the actual data transitions. The waveform is then

shaped by a Schmitt trigger and passed on to the word-sync and bit-timing detectors.

The word-sync detector consists of a ramp integrator, a threshold Schmitt trigger,

and a pulse amplifier. The ramp integrator continually integrates the input wave-

form and produces linear ramps of positive and negative slopes according to the po-

larity of the input data. When two clock periods of uninterrupted logical "ones" are

received, the output ramp reaches the threshold required to change the state of the

Schmitt trigger. The following two clock periods of uninterrupted logical O's produce

a linear ramp of negative slope. When the recover threshold is reached, the Schmitt

trigger returns to its quiescent state. The output of the Schmitt trigger is amplified

and used as the word-sync signal for the VCD logic. During the transmission of the

data bits, the output of the ramp integrator never reaches the threshold required to

change the state of the Schmitt trigger.

The bit-timing detector operates as follows. Two one-shot multi vibrators trigger on

the positive and negative transitions of the input waveform. The outputs of the one-

shot multivibrators are OR'ed together to produce a string of short pulses correspond-

ing to the input transitions. The pulse corresponding to the transition that occurs

during word-sync time is inhibited from producing bit timing in the AND GATE. The

AND GATE, in conjunction with the half-period blanking flip-flop prevents the pulses

corresponding to the transitions that occur at the middle of the clock period from

being recognized. The output of the AND GATE triggers a 15.6 millisecond delay
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Figure II. 5-4. Bit-Timing Binary Counter, Count Decoder, and Data-Shift

Register, Block Diagram

one-shot multtvibrator to provide the three timing control pulses, 6 A , CB and 5c,

where ¢, is the pulse used for error checking; ¢_ is the pulse used for triggering

the binary counter; and ¢c is the pulse used for operating on the stored data bits.

These timing pulses start 15.6 milliseconds after the beginning of each clock period

with ¢, starting at the trailing edge of ¢_, and ¢¢ starting at the trailing edge of 6 B

The Power-On Reset signal (POR vc D) is generated as a result of the VCD power

being turned on. The PORv¢ D sets the half-period blanking flip-flop and this pre-

vents any timing control pulses from being generated by the input data until the first

word-sync occurs. Thus, initial partial-words cannot cause spurious responses.

Figure II. 5-4 shows the binary counter, count decoder, and the data-shift register.

The binary counter is reset by word-sync and is triggered by the leading edge of

pulse ¢,. The PORvc D resets the binary counter to zero and this condition is main-
tained until after the first word-sync occurs. The leading edge of pulse _B also ad-

vances the shift register. Remembering that pulse ¢_ occurs approximately 15.7

milliseconds after the start of a clock period, or in the middle of the second half of

the clock period, this pulse will cause the data appearing at the input of the register

to be stored. Simultaneously, pulse _, advances the stored data by one stage.

Figure II.5-5 shows the temporary-bit store, the SLRV command identification,

gated drivers, and strobe generators. Four of the five bits of address-true data
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from the Surveyor instruction format are used to determine whether the received
command is an SLRV command. SLt_V command identification is made from the con-

tents of four stages of the shift register; this identification is triggered by the tenth

¢c pulse. At the same time, the contents of the fifth stage of the shift register are

placed into a temporary-bit store for later use with the five order-bits of the instruc-

tion word. The gated drivers transfer the contents of the shift register and the tem-

porary-bit store to the VSD's when the binary counter contains a count of 20; this

transfer occurs only when an SLRV command identification has been made. These

drivers are gated to stay in a low-power condition except for a few milliseconds out

of a 0.5-second period. The driver-enable signals are used in the drivers of the

VSD's for the same purpose.

Two different strobes are required by the VCD and VSD logic. A command strobe is

generated for use by the VSD's on the twentieth _c pulse if." (1) SLRV command identi-

fication has been made; and (2) no error was encountered in receiving the instruction

word. A second strobe, generated on the twentieth ¢c pulse if an SLRV command

identification has been made independent of error conditions, is necessary for con-

trolling the error-override logic. The second strobe signal also triggers a delay

which removes the SLRV identification signal and shuts off the driver-enable signal.

This arrangement is necessary because, if the data transmission is interrupted, it is

possible for the binary counter to stay at a count of 20 and for the SLRV identification

function to remain set (resulting in the gated drivers being kept in their high-power

state).

Figure II.5-6 shows the error-check control, error-detector, emergency-stop control,

and the VSD power control. The error-check control establishes the two periods in

each word during which an error check will be performed. The first period begins

with the fifth _¢ pulse and ends with the tenth _c pulse; the second period begins with

the fifteenth ¢c pulse and ends with the twentieth _c pulse. The error detector, during

the 6, pulse, compares the shift-register input data with the contents of the fifth stage

of the shift register; the two items compared must be complements of each other durin_

the checking interval established by the error-check control function. A non-comple-

ment comparison will set the Error flip-flop; each word-sync resets it. The error-

override control allows the no--error signal to be maintained in spite of the detection

of errors. The CLEAR command removes the override.

The emergency-stop control receives signals from other subsystems indicating that

the SLRV either encountered an obstacle, or has developed an excessive roll or pitch

angle, or that the RF signal strength from Surveyor has become dangerously low.

These occurences are stored and, OR'ed together, constitute the stop signal. The

Emergency-Stop Override control allows the stop signal to be inhibited in spite of

the existence of stored emergency stop signals. The CLEAR command removes the

override, as well as resetting the storage unless the received signal persists.
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The command strobe, when gated by the no-stop signal, constitute a new strobe

which is used by locomotion, steering, and DIBSI controls. Thus, a stop condition

can prevent these controls from responding to commands.

The VSD Power Control allows the earth-based operator to turn the VSD's on and off

upon command.

, Vehicle Subsystem Decoders - (VSD)

Both VSD's simultaneously receive six bits of data on parallel lines from the

VCD. Each VSD decodes those commands which it requires for the generation of

its control functions. The decoded command generates a control-drive signal for use

by the appropriate subsystem.

The VSD in the front compartment, VSD,, controls locomotion, steering, television,

and compartment heat, as related to the front compartment and front axle. The VSD

in the center compartment, VSD2 controls locomotion, transmitter, telemetry, and

compartment heat, as related to the center compartment and center axle; VSD__ also

controls locomotion, steering, DIBSI, and solar panel, as related to the rear axle.

The detailed logic design for converting the decoded commands into control-drive sig-

nals is individuallysuited to each recipient subsystem. The basis of locomotion con-

trol is a pair of latching relays: the first relay controls the application of electrical

motor power thus determines whether locomotion will occur; the second relay controls

the polarity of the applied power and thus determines whether locomotion will be for-

ward or reverse. Odometer switches stop locomotion by resetting the first relay.

The basis of steering control is similar to that for locomotion: the first relay deter-

mines whether a change of steering direction will occur; the second relay determines

whether the change of direction will be to the right or to the left. In addition to these

relays, limit switches and direction switches are also required. The limit switches

prevent the application of electrical motor power if such application would tend to

cause the steering direction to exceed the direction limits. The direction switches

provide the necessary information for determining when to reset the first relay in

order to stop the steering motors. These switches also provide information for de-

termining which way to turn in order to steer center.

DIBSI-deployment control is basically similar to steering control. However, since

there are only two positions (deploy and retract), DIBSI-deployment control needs no

position switches; the limit switches determine when to stop the deploy/retract motor.

The second relay determines whether DIBSI will deploy or will retract. The first re-

lay allows immediate interruption of electrical motor power in response to either an

emergency stop condition or to a ground command; this feature also exists in locomo-

tion control, steering control, and DIBSI-operation control.
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DIBSI-operation control is simpler than that of locomotion, steering, or DIBSI-deploy-

ment because the motor turns in one direction only. Therefore, the first relay is re-

quired (to control application of electrical motor power) but not the second.

TV azimuth and mast height, as well as solar panel direction, are controlled bystepping

motors; these require only a pulse in order to actuate them. The center-wheel clutches

and the compartment heaters are solenoid-actuated, and require only a pulse to oper-

ate them. The control circuitry for a pulse-actuated device consists of little more

than a pulse fattener and a power driver. Similarly, this applies for the explosive

squibs associated with the front and rear wheels; however in this case, additional

circuitry is necessary in order to provide for dual-command recognition.

Power for television, transmitter, and telemetery is supplied via individual latching

relays. Television high-power switching and transmitter high/low power selection

are flip-flop controlled, as is the establishing of the transponder configuration for

ranging. Input line selection for transmitter and telemetry are flip-flop controlled,

although not all of these flip-flops are in the Command and Control Subsystem.

. Subsystem Circuit Considerations

Integrated circuits are presently being considered as the basic circuit config-

uration to be used by the Command and Control Subsystem. The weight, size, and

power constraints applied to all subsystems of the SLRV dictate a packaging technique

which is comparable with the state of the art.

The latest indications are that the manufacturing problems of the venclars involved

are being overcome thus enabling them to meet delivery requirements. The delivery

problem has been the major factor for not considering integrated circuits prior to this

time.

Special consideration is warranted in the following circuit areas:

(1) the noise integrator, ramp integrator, and 15.6-millisecond one-shot

multivibrator in the VCD;

(2) the power-on reset circuits used in the VCD and both VSD's;

(3) the prevention of actuating irreversible functions when power is turned on.
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AI GENERAL

The mission requirements for the TV subsystem are as follows:

Provide images suitable for navigating the SLRV over the lunar surface.

Provide images over a 360 ° azimuth field for use in mapping the lunar

surface.

Provide narrow-baseline stereoscopy without the necessity for locomotion.

Be capable of providing to the DSIF stations data which can be processed

for the navigation and mapping functions.

Several TV camera subsystems with their associated optical and mechanical equipment

have been studied as possibilities for accomplishing the dual functions of providing

visual imagery for vehicle guidance and lunar survey. It has been concluded that a

single 1-inch vidicon camera with an SPS surface and an F/4, 13-mm-focal-length

lens mounted on the top of a 20-inch mast and depressed 13-1//2 ° with respect to the

normal to the mast provides the optimum configuration to satisfy the mission require-

ments. Short-baseline stereoscopy is provided by a 6-inch or greater vertical move-
ment of the camera and mast on command.

In this appendix, the alternative systems and configurations studied are discussed in

detail. Thermal, power, weight, and performance characteristics are given for the

preferred configuration.
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B° SUBSYSTEM DESIGN CONSTRAINTS

The primary constraint on the TV subsystem is the requirement for sufficient

reliability to satisfy an extended mission life in the order of 3 months. Coupled with

the reliability requirement are constraints to minimize the mission time and the weight

and power required. The weight and power constraints prevent the use of redundancy.

Hence, the reliability of the TV subsystem must be based primarily on simplicity ra-

ther than redundancy. The vidicon camera, which is fundamentally a simple assembly,

is considered to be the only suitable device for this mission. The performance char-

acteristics of the TV mapping function are detailed in JPL '_Requirement for a Rover

Vehicle for the Surveyor Spacecraft, Engineering Planning Document No. 98 Revision
lf_ o

In summary, the four basic criteria in establishing a TV subsystem to perform

the mission are reliability, mission time, power, and weight. The design factors
which affect these four criteria are:

• Range and Field of View

• Frame Rate and Transmission Bandwidth

• Dynamic Range and Sensitivity

• Resolution Capability

• Availability of Flight-Proven Hardware

• Choice of Photoconductor

• Duty Cycle

• Maximum Repetition Rate

• Residual Image

• Optical Configuration

• Mechanical Configuration

• Environment

These factors are discussed in detail in the following sections of this appendix.

. Range and Field of View

It is essential to elevate the camera above the vehicle to obtain a useful field

of view. The range as a function of mast height is shown in Figure II. 6-1 The con-

straint_ on the height of the mast are: (1) the requirement to fold up the vehicle for

transportation on Surveyor; (2) the requirement for maintaining a suitable operating

and storage temperature on the components isolated on the mast; and (3) the require-

ment for a low center of gravity to maintain high vehicle mobility (not more than 3
inches above the axle when the vehicle is locomoting).

H.6-2
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Figure H. 6-1 Lunar Horizon Distance versus Camera Height

For mapping, both a long range and a large field of view are advantageous; naviga-

tion can be accomplished with a smaller field of view. The limitations on the mapping

mission are: (1) the resolution of the sensor and (2) the feasibility of manufacturing

high-performance wide-angle optical systems.

. Frame Rate and Transmission Bandwidth

The time required to perform the navigation and mapping functions represents

a significant part of the total mission time, if the power required for azimuth and
e!e.__tion motion of the TV c_mp.ra and video transmission is to be limited to a value

which can be supported by the primary power supply. Trade-off studies performed

to optimize the video-data transmission system indicate the desirability of operating

indirectly via Surveyor. With an available bandwidth of 220 Kc and a horizontal

and vertical resolution of 500 lines, the maximum frame rate for analog data trans-

mission was derived from the relationship:

Frame Time =
(TV Resolution Lines) 2

2(Bandwidth) x (Kell Factor) x (% Active Horizontal Lines)

T F

5002

2x220 x 103 xO.7xO.9

= 9.05 seconds
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Analysis of a digital transmission system indicated that it would not result in a sig-
nificant increase in frame rate. No further work was undertaken on a digital system

because of its added complexity.

Direct transmission with a base bandwidth of 40 Kc would require a frame time of

5 seconds. This would necessitate the use of a storage vidicon with an ASOS (anti-

mony sulfi-oxy-sulphide) or selenium photoconductive surface with shutter and aper-

ture control, which is discussed in Paragraph 6.

With the selected frame rate of 0. 9 second, indirect or direct transmission with re-

duced resolution (_200 lines) can still be achieved with a base bandwidth of 40 Kc in
the event of failure of the 220 Kc indirect link. The low-resolution mode would

require that the horizontal line rate of the TV camera be reduced from 7 16 scan

lines to 300 scan lines. A comparable change would be necessary in the ground-

station video recording equipment.

, Dynamic Range and Sensitivity asa Function of Lunar Illumination

The dynamic range and sensitivity of the TV system directly affect the mis-

sion time by establishing the acceptable light level, and hence the time of the lunar

day during which high-quality pictures can be produced.

Variations in solar elevation and azimuth relative to the optical axis of the camera

system are expected to cause changes in highlight brightness from a maximum of

about 2200 foot-lamberts down to one-hundredth of this value. The TV subsystem is

required to resolve picture detail over this range of highlight brightness and should

ideally be able also to resolve contrast changes in the range from 22 to 2.2 foot-

lamberts. For an F/4 lens, this corresponds to a variation in faceplate illumination

from 34 to 0. 0156 foot-candles, assuming no aperture control.

Since any form of aperture control must inevitably add to the complexity of the system,

it is proposed to make use of the phenomenon peculiar to vidicons known as 'line stor-

age". As explained in Paragraph 10 , it has been established by RCA that there are

three modes of storage in a photoconductive surface. By operating in both the frame-

storage and line-storage regime, the dynamic range of a vidicon operated in the open-

shutter mode can be extended significantly (1000:1).

The sensitivity of the SPS vidicon is sufficient to achieve a peak-to-peak video/rms

noise ratio of 36 db down to a faceplate illumination of 1.1 foot-candles.

. Resolution Capability

A significant factor in determining the mission time, and hence the reliability

of SLRV, is the resolution of the TV subsystem, since this determines the useful

range of the camera. This useful range in turn establishes the number of pictures

which must be taken, thereby affecting the mission time.
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A maximum resolution of 800 TV lines is currently achievable with l-inch vidicons

utilizingelectromagnetic focusing and deflection. The resolution is reduced to be-

tween 500 and 600 TV lines using a hybrid vidicon with electrostatic focusing and

electromagnetic deflection. There is, however, a reduction of i.5 pounds in

weight and about 2 watts in power ifa hybrid vidicon is used. Itis concluded that

the reductions in weight and power justifythe use of a hybrid vidicon, because the

useful range of the camera is limited by mast height, which in turn depends upon the

weight of the camera as shown in Paragraph 8.

5. Availability of Flight-Proven Equipment

Data on qualified spacecraft TV cameras was collected and is tabulated in

Table II.6-1. It was concIuded that weight and power restrictions were such that a

hybrid vidicon having electrostatic focus and electromagnetic deflection would best

fulfill the mission requirements.

6. Choice of Photoconductor

As further background for the trade-off studies, testing and evaluation of se-

lected vidicons was performed. Three photoconductive surfaces were investigated:

(1) antimony trisulphide, solid-porous-solid (SPS); (2) antimony sulphi-oxy-sulphide;

and (3) selenium. For each surface, the mode of operation, dynamic range, resolu-

tion, maximum frame times, and temperature sensitivity were examined. From this

trade-off study, which is summarized in Table II. 6-2, it was concluded that an SPS

surface, as used in the Apollo camera presently under development at RCA, offered

the best compromise among wide dynamic range, simplicity, and short duty cycle.

Because of the limitation on maximum frame time, optimum resolution could only be

achieved via an indirect (220 Kc) transmission link.

For operation over a direct link with maximum resolution, a storage vidicon making

use of an ASOS or selenium photoconductive surface and having a slower readout

capability similar to the Ranger camera would be required. Shuttered operation and

iris control would also be required. The ASOS surface, as used in the Ranger and

NIMBUS cameras, was not studied further because of the difficulty in reducing the

residual image below 5% in a reasonably short time. Temperature control during

hibernation was also considered to be a problem within this surface. The results of

a comparison of SPS and selenium surfaces are summarized in Table II. 6-3. The

selenium tubes were tested with a shutter at l-second frame times. Experience from

other programs indicates that much longer frame times are possible without any de-

terioration in image quality.

In considering the effectof the lunar environment on the camera, itwas established

from other space programs that selenium surfaces deteriorate during operation at

50°C. RCA's experience with selenium indicatesthat the surface deterioration is a

function of the time during which the surface is exposed to elex<ttedtemperatures

(above 35°C).
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TABLE II. 6-2

COMPARISON OF PHOTOCONDUCTIVE SURFACES

CORPORATION

TR64-26

Antimony

Trisulphide (SPS)

Mode of operation

Dynamic Range

Open shutter

7 0 to 0.01

Antimony Sulphi-

,Oxy-Sulphide (ASOS)

(foot-candle-sec.)

Horizontal Resolution

(% at 600 TV lines)

12

Shuttered

0.4 to 0.004

Max. Frame Time

Operating Temp.

Range

Storage Temp. Range

1 to 2 s ec.

-10 ° to +55°C

Not measured

10 sec.

-i0 ° to +50°C

Selenium

Shuttered

0. 075 to 0. 00075

15

10 sec.

-10 ° to +35°C

-150 ° to _-90°C -?* to +70°C -150 ° to +35_C

*Not known, but significantly worse than for homogeneous surfaces.

TABLE II.6-3

VIDICON DATA CHARACTERISTIC OF TUBES TESTED

S. P. S. * Selenium Selenium

Parameter Open _nutte r Shuttered Shuttered

Tube Number

Read Scan Time

Horizontal Resolution

(_ at 600 TV lines)

Signal-to -noise

(Highlight)

(RCA)

N79 F539

1 see 1 sec

9 12

36/1 40/1

70 ft. - 70 ft.-

c andle s eandles

"70 to 0.01 "70 te 0.01

ft. -candles ft. -candles

50 50

3 3

Westinghouse

3-8-805 3-7-727

1 see i sec

15 NO Data

2938931

1
Repetition Rate (sec.) I 2

Residual Image (_) 5 I 5 1 2

*At light levels of 20 foot-candles and greater some deterioration of vertical resolution is apparent.

1 see

No Data

GEe

2938979

1 sec

No D_ta

80/1 75/1 30/1 110/I

Vidicon Highlight 0. 075 ft. - 0. 075 ft. - 0.3 ft. - 0.3 ft. -

candles sec. candles sec. candles sec. candles sec.

Dynamic Range 0. 075 to 0. 00075 0. 075 to 0. 00075 0.3 to 0.01 0.3 to 0. 002

(Faceplate Illumination) ft.-candles sec. ft.-candles see. ft.-candles sec. ft.-candles sec.

Duty Cycle (%) 50 50 50 50

2 2 2

2 4 5
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The SPS surface is the least susceptible to degradation from temperature changes

during operation and storage.

7. Duty Cycle, Repetition Rate, and Residual Image

Duty cycle and repetition rate have a direct bearing on the power require-
ment and the time necessary to complete the mission. The constraints on the duty

cycle and repetition rate are residual image and photoconductor leakage (which

require that the tube be erased and prepared between active frames). In determining

the duty cycle and repetition rate for the various surfaces, a residual image of 5_ or

less was established as a necessary performance factor. Duty cycle has been de[ined

as the ratio of active readout time to total operating time; repetition rate is defined as

the minimum interval between active frames.

Typical power profiles obtained with the various tubes are shown in Figure II. 6-2 ,

and a mission operation is shown in Figure H. 6-3 .

8. Alternative Mounting Configurations for the Camera and lens

General

To satisfy the requirements of JPL -EDP98, Revision 1, it was con-
cluded that a mast- mounted TV camera and optics at a minimum height of 18 inches

above the front-axle center line would be necessary to accomplish the mission. Al-

ternatives considered included the following:

• 1-inch vidicon fixed in upper part of mast with mirror in object

space.

Narrow-angle (20°) lens.

Mirror rotating about azimuth and elevation axes.

• 1-inch vidicon fixed in lower part of mast with optical relay or

fiber optics and mirror in object space.

Narrow-angle (20°) lens.

Mirror rotating about azimuth and elevation axes.

• 1-inch vidicon attached to head of mast.

Wide-angle (45 °) lens.

Camera and mast rotating about azimuth axis.

Elevation traverse of 6 inches for short-baseline stereoscopy.

• Two 1/2-inch vidicons mounted at head of mast.

These configurations are listed in Table H. 6-4 . In order to satisfy the center-of-

gravity requirements while maintaining the simplest and most reliable configuration,

II. 6-8
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Figure II. 6-2. Power Profiles Observed from Selected TV Systems

Bandwidth: 220KC Frame Rate: 1.0 sec

Vidicon: One Inch Hybrid -- 500 TV Lines
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MOVING M

STOP

\
ONE TV PICTURE SEVERAL TV

(NAVIGATION) PICTURES

(M- METER) (MAPPING)

WATTS

II.!

hS

) 1OWER

EVEL )

l_ ..... s!A." °" v Ii.

Figure II. 6-3. Typical Mission (No Shutter)

TABLE II. G-4

COMPARISON OF MOUNTING CONFIGURATIONS

Configuration

1-inch vicltcon in upper part of mast
Azimuth/Elevation Mirror

1-inch vidlcon in lower part of mast

Relay optics

Azimuth/Elevation Mirror

1-inch vidicon at head of mast

Two 1/2-inch vtdicons at head

of mast

Maximum Mast

Height* (in.)

12.5

24

18.7

15

Thermal

Problems

Vidlcon,

Az/EI. Drive

Vldlcon,

Relay Optics,
Az/E1. Drive

Vidicon

Vidlcon

Optical
Performance

Good

Hlgh transmission

].OSS.

Degraded

aperture

response.

Excellent

Lower

resolution

*Predicated on requirement for over-all center of gravity located 3 inches above axle
center line.
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it is proposed that a single 1-inch vidicon camera and lens assembly be mounted direct-

ly on the mast head, depressed 13.5 ° from the normal to the mast to provide near-field

coverage for vehicle navigation. The camera electronics, excluding the video pre-

amplifier, are to be mounted in the thermally controlled compartment on the front

axle. The connection between the camera and the thermal compartment is to be by
flexible cable band.

Mast Height Versus Center of Gravity

Calculations of maximum mast height for the three mounting configu-

rations studied are given in the following paragraphs. The weights assumed in the

calculations are as follows:

GM Vehicle Weight
(lb)

Center of Gravity

Steering 1.0
Wheels & Drive 5. 8

Structure 5.8

Frame 0.4

0. 5" below axle

0. 0" below axle

0. 0" below axle

2.5" below axle

13.0 0. 12

Payload (without mast)

Command & Control

Telemetry (Including

Sun-Aspect Sensor)

Camera Electronics

(including aximuth

drive)

Subtotals

Mast

Azimuth drive

2.5" mast

Camera

Sun Shields Sensor

Optics (simple lens)

Relay Optics
Mirror

Weight (Ib)

3.20

4.75

7.95

20.25 Ib

Weight (lb)

1.45

0. 084 lb/inch

1.50

1.30

0.5

4.0

1.00

Center of Gravity (below axle)

Not defined

Not defined

2.3" (assumed)

i.0" below axle
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Camera Mounted in Upper Part of Mast (Figure II. 6-4 )

30-mm Lens - Weight 0.5 lb

5-inch mirror and window - Weight 1.25 lb

Azimuth drive at top of mast

CORPORATIO

7-,_"
d

@1 ÷

L
OVERALL
C OF G

20.25 LB

COMMAND AND

CONTROL ETC

o

(a -7 ) "

0/2

0.0840 1.5 LB
MAST VIDICON

4"

25" E

t

1.8 LB

SUN SENSOR

4.1 LB
MIRROR

DRIVE
AND HEAD

Figure H.6-4. Sketch of TV Mast with Camera

Mounted in Upper Part of Mast

4(20.25) : (a+2-1.5) (4. I) + (a-l.5) (1.8) + (a-7-I.5) 1.5+( a-_-- 1.5) (0.084a)
2

4(20.25) = (4.1)a+(O. 5)4.1+(1.8)a-(1.5) (1.8) + (1.5)a-(8.5) (1.5)+(0. 042)a2-(1.5) (0. 084)a

4(20.25) = (.042)a 2+(4.1+1.8+1.5-(1.5) (.084))a+(0.5)4.1-(1.5) (1.8)-(8.5) (1.5)

81 = (0.042)a 2 + 7.27 a - 13.4

a

-7.27+ X/(7.27) 2 + 4(.042) 94.4

0.084

a

-7.27 + _/ 53.9 ÷ 15.8 -7.27 + _/ 69.7

0.084 0.084

a

-7.27 + 8.35 1.08

0.084 0.84
- 12.5

H.6-12



; M DEFENSE

Results:

RESEARCH LABORATORIES _ GENERAL MOTORS

Mast height = 12.5"

Optical axis height = 23. 8"

Camera Weight:

4.75 Electronics

1. 07 Mast

1. 50 Camera

1.80 Lens, shutter, sensor

4.10 Head, Mirror

13.22 lb

Camera Mounted in Base of Mast {Figure II. 6-5 )

Relay Optics - weight 4.0 lb

Azimuth drive at top of mast

CORPORATION

TR64-26

I" 115" 1,5"

C OFG

20.15 LB 1.5 LB

COMMAND AND VIDICON

CONTROL ETC

20 '=

1.3 LB 4.0 LB 14 LB
SUN SHIELD RELAY OPTICS AZIMUTH DRIVE

Figure II.6-5. Sketch of TV Mast with Camera
Mounted in Base of Mast

If

x:2.5

Camera Mounted at Head of Mast (Figure II. 6-6 ).

Mast height = 24 inches

Optical axis height = 33 inches

Total camera weight = 13.7 lb
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Camera Mounted at Head of Mast (Figure II. 6-6 )

14.5-mm, F/3. 5 Lens; weight, 0.3 lb

No mirror

Azimuth drive at bottom of mast

Twist wire

o

.... I 5 "

@

L B OVERALL

C OFG

0/2
--I

(0.046 | LB
MAST AND WIRE

Figure H. 6-6. Sketch of TV Mast with

Camera Mounted at Head of Mast

it
4.3LB

CAMERA

LENS

SUN SENSOR, ETC.

D

22.25(4) = (a+1.3-1.5) 4.1 + (2 -1.5) (0.046)a

22.25(4) -(a-0.2) (4.1) + (0.023)a2-1.5 (0.046)a

89 = (4.1)a-(O. 2) (4. I) = (0.023)a2-(1.5) (0. 046)a

89 - (0.023)a 2 + (4. I - 0.069)a - 0.82

0 = (0.023)a 2 + (4.03)a-89.9

-4.03 + 4(4.03)2+4(0.023) (89.9)
O. 046

-4.03 + X[16 + 8.28

0.046

a

-4.03 ÷ X/24.28 -4.03 + 4.92

O. 046 O. 046

0.89

0.046

a : 19.35 inches.
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Results:

Mast height = 19.35 inches

Optical axis = 29.0 inches

Total Camera Weight = 11.9 lbs

Optical Performance Good

Environment

The TV subsystem is required to survive:

• Launch

• Separation

• Cruise

• Landing

• Locomotion

• Lunar Night

CORPORATION

TR64-26

The subsystem must operate when SLRV is stationary during the lunar day.

Survival

In order to ensure survival during the launch, separation, and landing

phases of the mission, the TV camera and mast will be restrained in flight by clamps,

with vibration/shock isolation ff found necessary during development.

Flight assemblies, including associated electronic units mounted in the thermal com-

partment on the front axle of SLRV, will be qualified by being subjected to the following

vibration tests:

Frequency (cps)

100-1500

100-1500

1-1500

Vibration Level

2. 0 G (rms) white gaussian noise

4.5 G (rms) white gausslan noise

Sine wave

Duration

11 minutes

5 minutes

2 minutes/oct.

The cruise and locomotion phases of the mission are not expected to impose signifi-

cant vibration and shock loads on the TV subsystem.

H. 6-15
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Survival of the camera during lunar night is dependent upon the choice of photoconduc-

tive surface. Although not yet tested for extended periods of time at temperatures ap-

proaching those of the lunar night (-190°C), it is known that homogeneous surfaces

such as SPS (antimony tri-sulphide) and selenium are less likely to separate from the

faceplate than are more complex photoconductive layers.

Operation

During the lunar day, temperatures in excess of +100°C may be attained

by objects on the lunar surface. The SPS surface is capable of being stored at +90°C.

For optimum performance, the vidicon must be maintained at a temperature between

+10°C and +45°C. With some degradation in performance, the vidicon may be operated

at temperatures between -10°C and +55°C. Thermal analysis has shown that the vidi-

con can be maintained within these temperature limits for solar-elevation-angle limits

of 12 ° to 66 ° by passive thermal control.

Electrostatic attraction of dust (if present on the lunar surface) would seriously impair

the performance of the TV subsystem. Theoretical calculations indicate that photo-

recombination effects will limit the daytime potential of the SLRV to a few volts. During

the lunar night when there is no photo-recombination, the potential of the vehicle may

rise to a very high value. Further investigation of this problem is required during Phase

II of the study. It is proposed that a 100-mil cover glass be placed at the front of the

lens assembly and coated with a transparent metallic surface to facilitate discharge of

dust particles which may adhere to the surface. Disposal of dust particles will be

facilitated by the downward-pointing aspect of the camera assembly.

To resist the effect of sub-atomic particles created by solar flares, the cover glass is

to be made "non-browning" by the use of a cerium-oxide glass.

Image Smear

In order to limit image smear to less than 1/2 TV line, the motion of

the mast must not exceed 2 minutes of arc. Damping of the suspension between the

front and center axles will be required to ensure that the angular rate of movement of

the mast does not exceed 0. 03°/second during the "TV Picture" cycle.

Thermal Control

The thermal-control configuration investigated considered the vidicon to

be mounted horizontally in a housing 12 inches long and 2.5 inches in diameter. The

housing is mounted on a 1-inch-diameter mast approximately 19 inches long. It was

desired to maintain the vidicon faceplate between +10*C and +45°C during operating

periods. During storage periods, the vidicon temperature can vary between -150°C

and +90°C. The preliminary analysis did not consider any radiative or conductive

heat transfer between the vidicon housing and the remainder of the vehicle.
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The temperature history of the vidicon housing is calculated by solving the energy
balance:

Q + a B A B S sinO + a T ATp S COS 0

+ 0.10 S cos 0 (a s _bB A B + a r _bT A T + a F d� F A F)

+ (0.81 cos 0 + 0.015 sin O) (e B _b B A B + eT _br A

- (Es As + _r AT + _FAF ) aT 4 = mc d__T..Tdt '

where

a B, a T, a F =

EB' (T' EF =

S

¢'s' Or, CF

A B, A F

A
TP

T _-

mC

(7

T + EF OF AF)

the absorptivity of the back, top, and front of the vidicon

housing, respectively;

the emissivity of the back, top, and front of the vidieon

housing, respectively;

solar constant = 0.9 watt/in2;

the fractions of energy that leave the back, top, and front of

the vidicon housing, respectively, and fall upon the moon;

internal power dissipation, in watts;

the angular displacement of the vehicle from the sub-solar

point;

the area of the back and front of the vidicon housing, respec-

tively, in square inches;

the projected area to the sun of the top surface of the vidieon

housing;

the temperature of the vidicon housing, in °K;

the thermal mass of the vidieon housing, in watt-seconds per
degree K;

time, in seconds; and

Stefan-Boltzmann constant.
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The bottom half of the circumferential area of the vidicon housing was assumed to be

insulated sufficiently so that it could be considered an essentially adiabatic surface.

This can be accomplished in practice by using some type of super-insulation, such as

alternating layers of aluminized Mylar and micro-fiber mat. The exposed surfaces

were assumed to have the following properties in the analysis:

Back End:

a s = 0.99

= 0.67e B

Top:

a T = 0.2

= 0.9
e T

Front End (Lens End):

a = 1.0 (due to cavity eftect)
F

= 1.0
_F

The analysis considered the vidicon housing to be at the steady-state temperature at

any point on the lunar surface. The analysis did not consider the effect of the SLRV

operating in a lunar valley or on a lunar slope.

Two configx_rations for controlling the temperature of the vidicon housing were investi-

gated. The configurations were identical except for the addition of a 0. 25-inch fin on

one end of the vidicon housing in one of the configurations (Figure II. 6-7). This is the

more efficient arrangement since it provides an additional direct solar input to the vidi-

con housing, which is especially helpful near the terminator plane.

Figure H.6-7 shows that, one earth day after emerging from lunar night ( 0 = 77.8°),

the vidicon housing temperature is -8.2 ° with no internal dissipation. For the finless

configuration shown in Figure II. 6-8, the vidicon housing temperature is -20°C with

0 = 77.8 ° and no internal dissipation. For both configurations, the maximum tem-

perature of the vidicon housing with 1 watt of internal dissipation is approximately
+38°C.

In either case, it will be necessary to supply from 0.3 to 0. 5 watts to the vidicon

housing during lunar night in order to maintain the faceplate at or above -150°C.

Three possible ways of supplying this power are the following:

(1) Direct conduction of heat from the vehicle through the mast and into

the vidicon housing.
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(2) Placing radioactive pellets in the vidicon housing.

(3) Draining a small amount of current from the batteries to the vidi-

con during lunar night.

The Phase I investigation indicates that the vidicon can be held within specified tem-

perature limits by applying proper finishes and insulation to the vidicon housing. The

statement that these temperature limits can be met is predicated on the assumption that

the vidicon will not be required to operate within 1 earth day after emerging from lunar

night.

10. Modes of Operation of SPS Vidicon with Open Shutter

The vidicon proposed for the SLRV will deliver a usable signal-to-noise ratio

over an incident light range of > 1000 to 1. At low light levels ({ 1 foot-candle-second

at faceplate} the vidicon operates in the Frame Storage Mode. At intermediate light

levels (between 1 and 50 foot-candle-seconds } such as are expected to be encountered

at the lunar surface, the vidicon operates in the line-storage mode. Finally, at high

light levels ( > 50 foot-candle-seconds}, the vidicon operates in the spot-storage mode.

Frame-Storage Mode - When operating in the frame-storage mode (i. e., the normal

mode of operation for low light levels or shuttered operation}, an element of the target

can be represented by a small capacitance in parallel with a high resistance. During

the "Prepare" cycle, each elemental capacitance is charged to target potential (Figure

II. 6-9 ). Exposure to light lowers the resistance of the photoconductor, causing the

VT

R LOAD

TARGET

( SIGNAL )

ELECTRODE

_,C T I

--41 '

!

!

!
PHOTO CONDUCTOR

RBEAM CATHODE

Figure H. 6-9. Equivalent Circuit of Vidicon Picture Element
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target capacitance to discharge partially. The change in potential, and hence the sig-

nal current required during readout to restore the charge on the target capacitance,

is a linear function of the integrated light flux for small changes in potential. Con-

ventionally, the change in potential at the target is kept to a few volts only in order to

minimize beam landing errors. The potential on the electron-gun side of the photo-

conductor is shown in Figure II. 6-10.

V TARGET +1

VOLTAGE ON GUN

SIDE OF PHOTO
-- CONDUCTOR

SATURATION

/r-
PARTIAL PREPARATION

BY T LINE

REAOOUT/

PREPARE LINE In) n+l)

EXPOSE READ

PREPARE

ERASE TIME

Figure H. 6-10. Frame-Storage Operation with Open Shutter

Line-Storage Mode* - If the incident light between "Prepare" and '_Read" is sufficient

to cause complete discharge of the target capacitance, the target is effectively saturated.

Under these conditions, the only a--c component in the signal current is that due to the

phenomenon known as line storage. Line storage occurs because the spread of the

beam under saturation conditions is sufficient to cause limited charging of target ele-

ments in adjacent lines, resulting in line-by-line preparation. The time interval be-

tween 'line preparation" and "line read" is short enough at all but the highest light

levels to prevent complete saturation of these elements following line preparation.

The resultant signal current therefore consists of a large d-c component on which !s

superimposed the a-c signal information. The potential on the electron-gun side of

a photoconductor element is shown in Figure II. 6-11.

Spot-Storage Mode - At very high incident light levels, an element will saturate be-

tween line scans. Under these conditions, partial preparation occurs during readout

from the immediately preceding elements in the same line. Under these conditions,

the signal current contains a very large d-c component with a much smaller signal

component corresponding to the saturated highlight.

*"Pickup Tube Performance With Slow Scanning Rates", Shelton, Charles T. and

Steward, N. W., July 1958, Journal of the SMPTE
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VTARGET +

0

VCATHOOE

I

l

PREPARE LINE(n) (n+l)

EXPOSE READ ERASE

i
, _-

PREPARE

TIME

Figure II. 6-11. Line-Storage Operation with Open Shutter

Experimental verification of the above phenomena has confirmed the fact that a vidi-

con operating under open-shutter conditions is capable of accepting an incident light

variation of > 1000:1, and this is illustrated in Figure II. 6-12. Because of these

effects, absolute determination or estimation of the light levels at the lunar surface
will not be possible.
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C. OPTICS

I. Introduction

This section outlines the factors and technical features related to the optics.

Optical systems of a number of different camera configurations have been studied in

conjunction with the requirements dictated by the over-all TV subsystem design. A

short summary of the analysis of the optical parameters which determine the choice

and final over-all performance of the optical system is presented.

The main optical characteristics in each case which required study in conjunction with

particular optical configurations studied are as follows:

(1) Optical performance with reference to modulation transfer factors.

(2) Illumination over the field (and over-all light transmission).

(3) Physical and mechanical limitations.

(4) Depth-of-field limitations.

The over-all TV subsystem w as to be defined with respect to the known trade-off

factors. The primary optical configurations considered during Phase I are as follows:

(1) Optical systems which image directly onto the vidicon -- The study indicated

one of two basic systems. In one, an inclined mirror (at approximately 45 o)

was used to turn the incident light through 90 ° into the lens system, where

the lens and vidicon axes were coincident, being located in the upper part

of a mast. Rotation of the mirror in azimuth about the lens axis permitted

a full 360 ° scanning field, while mounting of the mirror in different eleva-

tions allowed control of the horizontal viewing angle of the optical system.

In the second, both the vidicon and the optics (whose axes were again

coincident) were mounted directly on top of the mast to view the field with-

out the aid of a mirror. The optical axis was parallel to the ground and

perpendicular to the mast of the SLRV. Rotation of the whole vidicon plus

optical assembly (or the mast) permitted a full 360 ° azimuth to be scanned_

No elevation facility was planned with this configuration.

(2) Optical system which incorporates an image transfer s_,stem -- This

system enables the vidicon to be located in the base of the mast or lower

compartment, the viewing optics (entrance pupil) being at the top of the

mast as in a periscope. A number of different approaches were initially

examined, and the most promising was studied in detail. The approaches

considered were as follows:

(a) A primary imaging lens together with relay lens (one or more) to re-

lay the image down the mast.

II. 6-25



GM DEFENSE RESEARCH LABORATORIES (_ GENERAL MOTORS CORPORATIO

TR64-26

(b) A compound optical periscope-type system with built-in azimuthal

scanning mirror at the upper end and imaging directly onto the

vidicon at the lower end. A periscope-type system of about 20

inches was envisaged.

(c) Fiber optics unit.

For each optical configuration, the optical characteristics mentioned previously were

examined in detail. The trade-off studies associated with the main SLRV system desigm

established the determining factors for the optical configurations. Weight, size, mast

configuration and shape, and center of gravity were clearly limiting factors with regard

to the optical system and were the deciding criteria of the feasibility of a given system.

The selection of field of view for the optics was determined by the mission requirements

resulting from the systems analysis study and the optical performance obtained. In turn,

the field of view established the focal length. Different fields of view were considered

according to the over-all system configuration.

. Optical Constraints

The optics must be selected on the basis of the performance quality of different

designs, the weight and size of the system, and the functional requirements. The best

performance will be obtained by the simplest system with a single {compound) lens sys-

tem. The weight, size, and optical performance are interrelated with both the stop

number and the field of view. Further constraints on the field of view arise in the case

of an azimuthal scanning mirror and elevation-depression head. Choice of field of

view depends initially on the focal length, which in turn must be selected according to the

limiting resolution required at the various ranges of interest. Good resolution

characteristics at long ranges are achieved only by long-focal-length optics with a

narrow field of view; hence, a limited area coverage is possible at near ranges. Good

resolution at near ranges using short-focal-length, wide-angular-field lenses is readily

obtained at the expense of poor long-range resolution. Thus, the final selection of

the optics configuration becomes a matter of trade-offs among all of the parameters
mentioned above.

The optics for a stereoscopic system can be expected to involve duplicate cameras, or

alternatively single mirror systems having a limited field of view. The base line is

limited in both cases, although longer base lines with wider fields of view are possible

with two cameras at the expense of greater weight.

The constraints on the F/number are mainly determined by the optical performance,

while the illumination sensitivity of the vidicon is a secondary factor. A fixed F/

number of approximately F/4 has therefore been adopted. In high-quality lenses, the

thickness of the vidicon faceplate must also be taken into account, particularly at large

field angles.
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Modification of the distortion characteristics of a lens over the field, independently of

the other optical properties of the lens, is not readily accomplished. Certain special

types of lenses (e. g., torroidal) have unusual distortion characteristics, but their
optical performance is not very good.

, Discussion of Optical Systems

In the direct-imaging system mentioned, a search was made for commercially
available lenses having fields of view between 20 ° and 30 ° The azimuthal mirror size

depended on the angular field and the effective diameter of the lens according to the
formula:

Mirror dimensions: L = O/lcos 0 sin (45 ° - O) [1 - tan 0]},

where 0 is the total angular field, D is the effective lens diameter, and L is the long

dimension of the mirror. This is plotted for a series of D values in the Figure II. 6-13.

The value of D depends on the lens, the location of its nodal points, and the mechanical

construction. Except for small angular fields, it was found that large-size mirrors
would be required.

A number of lenses were found suitable to cover fields up to 34 degrees, incorporating

a reasonably sized mirror. Figures II. 6-14 through H. 6-16 show the corresponding

IO -
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i3
A

2

I

0
5

- Dr3.

I I I I I I I
I0 15 ZO 25 30 35 40

_, TOTAL ANGULARFIELD (DEGREES)

Figure II. 6-13. Mirror Size for Azimuthal Scanning Head
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KINOPTIC 18.5 MM LENS:_-'80Z

DRILLED PYREX MIRROR: _ 130Z

DIMEN$1ONS:_4 I/Z" X 3"X 3/4"

Figure II. 6-14. Kinoptic Epochromat 18.5mm f/2 - Mirror Geometry

Rectangular Field of View: 34 °

T.T. 8 H. 2Dram. VIDITAL LENS:22 OZ.

DRILLED PYREX MIRROR: WEIGHT-13 OZ.

DIMENSIONS:-5"X 3.6"X 5/6"

Figure II. 6-15. Vidital Lens. 20ram f/1.9 - Mirror Geometry

Rectangular Field of View: 30 °
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T.T. I_ H. 30 MM. VIDITAL: I0 OZ.

DRILLED PYREX MIRROR:_,_-.,3 OZ.

DIMENSIONS:,",..* 2" X 1.4" X I/3"

Figure If. 6-16. TT&H Vidital Lens 30ram T/1.5 - Mirror Geometry

Rectangular Field of View 21 °

mirror arrangement and dimensions for those particular lenses. Three lenses had the

best optical performance of those considered. The mirror weights and dimensions are

8:s indicated on each figure. In practice, there is no accurate means for relating mir-

ror size to lens focal length and field of view. Each lens must be considered in turn,

knowing its optical principal points and its dimensions. The mirror itself would be

lightweight, either of Beryllium or aluminized pyrex blank, the pyrex being drilled to

lighten the mirror (or possibly a honeycomb blank being a structure which would be

ceramically fused to a glass blank). It was tentatively decided that the drilled pyrex
would be most suitable.

The optical performance of these lenses wa0 eva!-.m_ted in terms of their optical modula-

tion transfer function over the field, and curves of this function measured experimentally

at RCA are shown in Figures II. 6-17 throughH. 6-19 at different apertures out to spatial

frequencies of 27 cycles/mm (54 TV lines/mm).

At least two other lenses (Angenieux 24 mm, F/2.2; and 28 mm, F/1.8) were also

acceptable from the weight viewpoint and mirror dimension, but their optical per-

formance was not expected to be as good over the field as that of the three lenses

mentioned previously.
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30mm T/1.5 T. T. &H Vidital Lens

In addition to the main mast supporting the optical unit and the necessary drive units,

a fairly lightweight mechanically operated filter and sun shield were envisaged as

simply combined in a disc rotated between the lens and vidicon. An approximate
weight breakdown of the mechanical structure was thus as follows:

Mirror mount of azimuthal scan head

Drive and gears for driving head

Mast and supports

Filter/sun shield wheel and drive

TOTAL WEIGHT

Weight (lb)

O.75

i.25

1.5

1.0

4.5

This totalweight is increased by the optical system and vidicon unit.

In the second arrangement with the optics on top of the mast, no mirror was used.

The center of gravity of the whole system in this case may be appreciably raised for

a given mast height, providing a corresponding reduction in the optical and vidicon

weight can be achieved. The main advantage appears in the much wider angular field

If. 6-31



GM DEFENSE RESEARCH LABORATORIES _ GENERAL MOTORS CORPORATIO

TR64-26

possible because of the absence of a mirror. Only the optical properties of the lens

limit the field angle. The following two major effects at wide angles are significant:

(a) Optical performance decreases rapidly at wide angular fields. The wider

the field, the more complex the optical design and hence the heavier the

lens (in order to maintain performance). In general, a lightweight lens

covering a wide angular field will not have high performance characteristics.

(b) Illumination over the field falls off approximately according to a fourth-

power law:

40,I = I ° cos

where 0 is the field angle. Thus, at a field angle of 30 degrees the illumina-

tion will fall by nearly 50% (in practice the lens aberrations modify the above

relationship to a certain extent).

Consequently, the over-all performance is likely to be compromised in wide-angle sys-

tems. The system requirements now called for a 45 degree rectangular field (and

hence a 62 ° diagonal) on a 500-TV-line (27 cycles/mm) system. The most suitable

lens commercially available lens appeared to be an Angenieux F/3.5, 14.5-ram-focal-

length system from both weight and optical performance standpoints. This lens will

provide a 42 ° angular field of view (59 ° on the diagonal). It weighs 4 ounces and will

cover up to an 85 ° field. Resolution tests on this lens indicate that it has fairly good

performance over the whole field. Modulation transfer function (sine-wave response)

curves have been measured on axis only (because of limitations in the measuring equip-

ment), and a response of more than 70% is obtained out to spatial frequencies of 27

cycles/ram. No suitable commercial lens comparable to the Angenietux has been found.

A loss resulting from fall-off in illumination will certainly occur because of the cosine

fourth law, but no vignetting in this lens occurs to cause further losses. Field curva-

ture in this lens is also small and should not produce a serious degradation of re-

sponse.

In order to reduce the center of gravity of the SLRV, designs in which the vidicon tube

was located in the lower compartment were examined, a mast approximately 20 inches

high being considered. An optical transfer system in the mast would enable the view-

ing lens to be located at the top of the mast (a rotatable mirror being necessary to turn

the light beams through 90 ° and to scan through an azimuth of 360°).

Initially, the simple extension of the lens-vidicon distance by placing a simple relay

lens between the viewing lens (on top of the mast) and the vidicon (in the lower com-

partment} was examined. A suitable high-quality lens designed for unit magnification

and with a focal length of about 4 inches would be required. A number of suitable

lenses arc readily available. However, cascading two optical systems inevitably
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means loss of performance. It is e _ential to include a field lens at the first aerial

image position, increasing the over- 11 weight. The performance of such a com-

pound system built up from the separate units would be very poor off the axis because of

field curvature, chromatic aberration, and off-axial aberrations. Only by stringent

optical design and subsequent modification of one or more of the components could high

performance over the field be achiewd. It was finally concluded that only a rigorous
optical ray trace through the entire system would be likely to enable modifications to

be made to produce a good optical performance. Other systems involving telescopic

systems were, for the same reason, rejected. In fact, no high-performance system

was likely to evolve from this approach. Such a cascaded arrangement of ready-made

optics would only yield a heavy and inferior-performance system with respect to the
30 ° field (or larger} required.

It was essential to have a system designed as a composite unit including the azimuthal

scanning mirror, the image lens, and the transfer lenses as one single compund optical

system. Only by established optical design techniques could an acceptable periscopic-

type system be obtained. In the first instance, an investigation of the feasibility of

suitable designs, together with an estimate of their performance over the field from

center to corner, was requested from a number of optical firms able to accomplish

this. Only initial concept and feasibility analyses were obtained.

Provisional technical specifications for the optical mast were decided upon, and these

are listed in Table II. 6-5 , which was forwarded to the optical firms.

A very rough indication of two types of system that were proposed are represented in

the Figure II. 6-20. The optical firms approached believed that they could meet the

performance specifications, but a more definite evaluation can only be obtained after

a complete design study program. The transmission losses in the periscope system

are not expected to be high (probably of the order of 20%}. Uniformity of illumination

would be fairly good over the field envisaged, but no figures are yet available.

Imaging of the object field onto a fiber bundle may be carried out at the top of the mast

and the image relayed by the fiber optics to the faceplate of the vidicon located some

distance away in the lower compartment. The weight of the quartz or glass bundle in

such a system would be fairly low (less than 0.5 ib), but a number of _-'_ .... *....

and problems have precluded its use for the present purpose.

Coupling of the fiber bundle and vidicon faceplate (which must be a fiber faceplate)

inevitably causes a loss in light and optical performance because of random mismatching

of the individual fibers. This effectively causes a degradation of the modulation trans-

fer function response. The performance of fiber optics at the present time is limited

compared to optical systems, and a high loss in response would occur over the spatial

frequency range of the vidicon. In addition, the transmission losses are high (in a

20-inch length, well over 50% loss is expected to occur in the fiber bundle}. Cascaded

with the primary imaging lens, poor over-all performance can be expected.
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TABLE II.6-5

PROVISIONAL TECHNICAL SPECIFICATIONS - OPTICAL MAST

Mirror: (38.75 ° to horizontal):

Mast length:
Mast diameter:

Mast weight (total):

Mast center of gravity:

Environment:

Optical Specifications

Focal length:
Field of view:

Aperture:
1 inch vidicon:

Performance required:

Spectral characteristics:

Optical axis elevation depressed

12.50 °. To rotate through 360 ° in

azimuth; dimensions and weight to

be as small as possible.

20 inches.

Not critical (say 1 inch to 3 inches).

Preferably less than 2 lbs.

As close to vidicon as possible

Rugged to withstand launch accelera-

tion (30g for l lm. secs).

Temperature variations + 400 °K to
+ 100 °K.

Hard vacuum (i0 '2 mm Hg).

Approximately 15 mm.

Approximately 40 ° (55 ° diagonal).

F/4.

500 TV line system.

Ii. 2 mm square format.

High contrast (at least 50% response),
from center to corner of field over

zero to 22.5 cycles/millimeter

(contrast means modulation transfer

factor).

Sensor - Vidicon (with antimony tri-

sulphide face).

Source - sunlight.

Flare and scattered light in the

system must be low.
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')) FIELD
LENS FLATTENER

(o) ZT[K AZIMUTHAL SCANNING PERISCOPE.

//II _\ F,ELO
LENS

(METROGON UNIT)

VI DI C ON

(b) AMERICAN OPTICAL (J.W. FEGKER) --OPTICAL TRANSFER SYSTEM

(EFFECTIVE FOCAL LENSTH~,'_ISMM.)

Figure II. 6-20. Schematic Optical Designs for Periscope-Type Mast of 20 Inches

The preceding discussion has presented only an outline of the main optical considera-

tions. A detailed study of environmental constraints has not been accomplished.

Non-browning glass on special order could probably be used in the manufacture of

most of the above systems if a radiation risk is thought to exist. Protection of the

optics against dust intrusion would necessitate a sealed system, and a window having

a metalized antistatic film may be used to minimize electrostatic attraction.

Investigation of means to minimize the effects of micrometeorite and microscopic-

particle bombardment has yet to be carried out, but the inclusion of a special window

(of sapphire, for example) may provide effec_ve protection.

4: Depth-of-Field Analysis

It is possible to assess the depth of field and the nearest distance at which good

optical performance is obtained. In the present case, this can be estimated in terms

of the loss of response (i. e., fall-off of the modulation transfer function or sine-wave

response) that can be allowed without seriously degrading the image. The following

theoretical expressions have been worked out from which the near field (_1) and the

far field (_2) can be calculated. The lens is arranged to be focused at a distance
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Lens focused at:

and

2tLi /_2
_--=_

tL1 + tL2

F 2 8n)_
AZ=

YI

where

f is the focal length of the lens,

F = lens aperture (or focal ratio),

), = mean wavelength of light (taken as 5.5 x 10 _ cm),

and n is an integer whose value must be determined from sine-wave response curves

for defect of focus of a lens for a particular lens aperture.

As an example, the near and far field of the 14.5 mmAngenieuxF/3.5 lens has been

calculated. It is first decided that, at the highest spatial frequence of interest (22.5

cycles/mm), no more than a 10% drop in response is to occur due to imaging objects

at different object distances (the lens focal distance being fixed).

The corresponding n-value can be found from the defect of focus sine-wave response

curves for a particular lens aperture (say F/4), since these are well established.

For the 10% tolerance chosen, the n-value in this case is approximately n -- 3.

From this, the factor Az is found to be Az = 6.7 x 103 Fora range of far-field

values p 2, the respective near distance for the lens can be found from the expression
given above, the lens being focused accurately at some intermediate distance ft. Table
II. 6-6 shows a series of values for the near and far fields.

The lens will give satisfactory images within the near and far fields quoted, but out-

side these distances the image quality will deteriorate rapidly (because of an effective

fall in sine-wave response). The figures evaluated are those for a high-quality

(aberration-free) lens, but will also be representative of high-quality lenses in practice.

All lenses are influenced by their aberrational characteristics and a small modifica-

tion of the effective depth of field may arise. This analysis is meant to provide specific

limits on the near and far fields and to allow the performance to be described with

reference to sine-wave response characteristics.
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VALUES FOR NEAR AND FAR FIELDS

MOTORS CORPORATION

TR64-2O

Far Field

#2 (meters)

OO

100

50

10

Near Field

/_1 (meters)

1.56

1.56

1.52

1.35

Lens Focusing
Distance

(meters)

3.12

3.03

2.94

2.38
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A. OVER-ALL SYSTEM

The over-all block diagram for the SLRV electronic system is shown in Fig-

ure II. 7-1: At this stage in the program, it is not possible to present all the logic

and interlock circuits associated with the complex control structure. Instead, the

symbolic control and switch functions are identified by the commands that actuate

them. The commands are designated by numbers as noted in Tables II. 5-1 and

II. 5-2 (Appendix V) of this report.
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g. PHYSICAL CHARACTERISTICS OF THE ELECTRONIC SYSTEM

1. Weight

The weight breakdown of the electronic system is shown in Table II. 7-1.

The total weight of approximately 52.0 pounds has been derived as well within the

state-of-the-art. Table If. 7-2 is a comparative breakdown of the communications

and power subsystems for the direct and indirect links. (Subsystems other than power

and communications are the same for the two links.) The basic direct system is some

22 pounds heavier than its indirect equivalent. The fact that an RTG power subsystem

for the direct link is compared with a solar-array power subsystem for the indirect

link is quite realistic. The power'demands of the direct link system (approximately

40 watts) are such as to preclude use of the solar array, because of the volume limita-

tions of the Surveyor stowage envelope.

2. Power

Table II. 7-3 lists the power dissipations of the v=triotas subsystems, so

defined that thermal design problems within individual compartments can be evaluated

when related to power duty cycles. In pertinent cases, power dissipations are shown

in various modes of vehicle operation. This is elaborated in Table II. 7-4, which

shows which subsystems are operative in any particular mode of operation. Using

this table it is possible to evaluate the average power requirements for various hypo-
thetical missions.

During the course of the study several different standardized missions were examined.

The main usefulness of this standardized approach was in the ability to compare

power and time requirements of the direct and indirect systems. It is noteworthy that

even for missions of significantly different emphasis, the average power to be sup-

plied to the load always turns out to be of the order of 30 watts for the indirect link

and on the order of 42 watts for the direct link. Lunar surface roughness variations

appear to contribute more to changes in average power than do the sequences of steps

used in the standardized mission chosen. Typical standardized missions and power

profiles are discussed elsewhere in this report.

3. Volume

Table II. 7-5 lists those component volumes which are pertinent to packaging

requirements.
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TABLE II.7-2

ELECTRONIC SYSTEM WEIGHT COMPARISON-DIRECT VERSUS

INDIRE CT LINK

Direct Link Indirect Link

Subsystem Weight (pounds) Subsystem Weight (pounds)

Communications

r-

'_"-Band Trans m itter

"S "- Band Rece iver

"S"-Band Diplexer

"S"-Band Omni Antenna
'"S"-Band Directional Antenna

I
Central Communications Control

IVItF Transmitter (R&B)

iVHF Receiver (R&B)

]_HF Transmitter (R&B)

_ IVHF Receiver (R&B)

_HF Omnl Directional Antenna

3.2

4.0

1.5

0.5

6.5

0.5

2.0

0.6

18.8

2.0

0.6

0.5

3,1

Communications

_VHF Transmitter

I
: 2-Watt Mode

! 0.2-Watt Mode

VHF Receiver

>

_ _ VHF Diplexer

VHF Antenna & Feed (1)

Input Selector

_DIBSI Multiplexer

_/HF Transmitter

2-Watt Mode

O, 2-Watt Mode

VHF Receiver

VHF Triplexer

VHF Antenna & Feed( 1/

Range and Bearing

i Input Selectors

2.0

0,6

1.0

0.5

0.4

0.5

5.0

2.0

1.2

1.3

1.0

0.5

0.6

6.6

Subtotal 2 i. 9 Subtotal II. 6

Power

4.0

3,0

21. 0(2)

Assuming:

10-12 hrs. operation per

24-hr. day

34 Watt_ Regulated,

6 Watts Unregulated

Battery

Electronics

RTE Generator & Converter

Power

Solar-Cell Array

Solar Cells, Glass Covers

Glass

Adhesive

Substrate

Battery

Charge, Discharge &

Regulation Electronics

Drive Motor

241
0.5

p7.8

2,

3,7

3,0

!.o

Subtotal 28.0 (3) Subtotal 15.5

Difference(4) 49.9-27.1 =22.8

(1) No provision for extending antennas is included in weight estimate.

(2) Assuming 1.5 to 1.7 watts/pound.

(3) An approximation of the right order of magnitude; actually a function of the RTE earth and lunar containment philosophy,

(4) The other subsystems retain same weight for both Direct and Indirect Links.
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TABLE II.7-3
TR64-26

POWER DISSIPATIONS (WATTS) FOR THE

INDIRECT LINK

o_ o_

c_ d

• °¢o u{

° _° _

,:3

g

o2
0o

d ,:3

d

_g

o

o

O3

m

Changed: i0 April 1964

o o _ _ _
,.d _ 0 o o

0

o

o o _

s!_ > >

I _ H_

O3

._ O3

H.7-7/8



M DEFENSE RESEARCH LABORATORIES (_ GENERAL MOTORS C O R POR A TI',O N

TR64-26

Z

O

R

I

Z

<

©

i

°,

I o

5

Z
>

1

I
I

._. {

_ "_ d

> -_ ._

i ._ _i

8
o
.3

Lt_

,-2 _"

,_ .> >

.5

E

¢1

=

_ ,_ .=.5 ..5 .E
= _ ,_ _ _

- E E

E _ _ -'S _

=

s! .=

,.,.,

I

== r.

___1 _ __

II. 7-9/10



0

0
O

0)

a, u_
I

0 t--

0

Id

Z

o

@

m

0
I-

0
m

.,i

.l-

u

n,

w

m

i!:

w

z

h

W

0

IE

0

al

z

r_o
0

0

r..)

z

>

0 "DLI

0 "gC

0 "g_

0 "_PI

"gg

"Icg

"OD

ao£aaang

0 ":_g_

0 "Og

•luotula'edtuoa I_tUaoql aptslno stum! aoj pelm!puI lou gatunIOA (_)

"0_

0 "06

"I'9

"9_

O'OII

0 "gig

0 "06

"Og

"OL

lOa_UOD lsaJ_ pu_ ioaluoD

ao_a!puI qlntu!z_ aL,IoS

1 aaqlo

"Og

"09

0 "g6

"7,[

luetu_.n_dmoD i-etu aoq.L

ap! s-uI

olxV

0 "gg

"gg

"0_

"0_

0"00_

"0k

"0k

"O9

luetu la_lm oD I_tuaeR_L

opIsuI

I alx'g

sI_olqns

lIUfl IoaluoD AI:VIS

(gOgA) aapoae(I-qns OloTqaA

(OSA) aopoaa(1-qns ala!qoA

((IDA) aopooo(I i_.aluaD alaTqa A

loaluoD _ puvtuoaoD

- -- 7 -

sI_o_qns

(-e) atO_O[&I OA.la(I

mIUOalOala

uoB_In_loH pu_ a_a'e'.-laSTO 'eBaeqD

("P_D aO^lIS) £aa'll_l

al ea'lBqn S

OATSOqpv

BaOAOD ss_O ' silo O alz[os

_aaV IloO-at'IO_

a 0/_,.0 d

.nl_lolqng

[# aossaooad-aadm_(l

g# aosseooad-ead _1"_(1

aossoooad r_l I_aluaO

£alotuala&

(_)

(_)

SlL'_olqns

_ulH _a_a_± pwe _q_!q

_6nld puv uoo!p!A

_a amid o! s_[t

uoIs.tAalaZ

sI_o_qng

aolaolaS _ndul"

_uIa_ro'H pu_ a_U_Vd

pooA pu_ _ma_u V AlIA

aOxoldIa.L d HA _"

aOATOOO}:[ llmO NHA

opova _a-g, "0

apotu l_-g

ae'_!m mrea£ JHA

a oxeIdI'llnlAI L_IIO TM

aoloolaS lnduI

pearl pu_ _uue_uv d HA

aOxold!(l AHA
(a_ OOZ-OOD } _a

-IeaIooOl:[ AHA

opotu 11_ta-g "0

apotu la_ta-g,

aO_ltU suxa,L AHA,

suoT_aIuntutuoD

tuo_s£sqn S

¢q

.-4

I



M DEFENSE RESEARCH LABORATORIES _ GENERAL MOTORS CORPORATION

TR64-26

C. THERMAL CONSIDERATIONS

A preliminary transient analysis has now been completed on the elec-

tronic components of Thermal Compartments Nos. 1 and 2 of the SLRV. It has

been calculated that if the components were on continuously, with no inactive

periods for charging of the batteries, the operating temperature of the electronics

would strongly depend upon the average power dissipated during the guidance

steps. Because of the thermal mass of the components in each unit, transient

conditions during the contour and DIPSI modes are slight. The maximum change

of temperatures during these latter two modes was found to be only +5°C from

the guidance step average.

In view of the above, the first step in obtaining a transient analysis is to calculate the

average equilibrium temperatures during the guidance step as functions of the position

on the lunar surface. For these calculations, several assumptions had to be made.

It was first assumed that the vehicle always faced towards the sun (this gives a maxi-

mum heat condition. ) It was further assumed that the thermal switches respond in such

a manner as to prevent the component from dropping below -10°C during the daylight
period.

Using the above assumptions, the power profile as described elsewhere in this report,

and the data of Tables If. 7-3 and II. 7-4, it is possible to obtain the equilibrium

temperature of the components in Compartments Nos. 1 and 2 during the guidance

step (Figure II.7-1. In Compartment 2, six thermal switches are used. However, it has

been found that as the average power dissipation of Compartment 1 is much less than

that of Compartment 2, only one thermal switch is needed on Compartment 1 if the

radiator area is kept approximately equal to 200 inch 2. This situation has been as-

sumed to derive the temperature curves for compartment i.

Next, the equilibrium temperature during the inactive charging mode is needed. If

the internal dissipation of the batteries during charging is 3.5 watts, then the two

dotted curves of Figure II. 7-1 represent this equilibrium temperature (making the

assumptions noted above).

The temperatures are now bracketed between the apprepriate two curves for Compart-

ment Nos. 1 and 2 of Figure If. 7-1. Ilowever, the actual temperature at any time

is dependent upon the duty cycle of the units. Therefore, a transient analysis was

performed for the following duty cycle: 3.3 hours on 4.7 hours off for charging of

batteries; 3.3 hours on, 13.7 hours off for charging of batteries. The results of this

analysis show that because of the thermal mass of the components and Compart-

ment 2, at no position on the moon's surface vdll the temperature reach the maximum

equilibrium temperature. Because of the longer charge cycle experienced during in-

active modes, the inactive equilibrium temperature will be reached. Because of its

smaller mass, equilibrium is reached in both modes for Compartment i. The re-

sults for both Compartments 1 and 2 are presented in Figure If. 7-2 with angular

position from the sub-solar point as a parameter.
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The results of the transient analysis as represented by the Figures indicate that, for the

duty cycle proposed, no adverse temperatures will result at any position on the surface

of the moon during the sunlit period. If the duty cycle is different from that used

above, the temperature of Compartment 2 still can be determined approximately from

the data presented. A good rule of thumb is to calculate the maximum by the relation

that ff the active period is less than 4 hours, A Tmax/ATime = 10°C/hr., and

AT
//lax

Tma x - Tmln + _x t

where Tmin = equilibrium temperature of the charge mode and t = duration of the
active mode.

If the active cycles are greater than 4 hours, then Tma x is approximately the equilib-

rium temperature of the active mode and Tmin is the equilibrium temperature of

charging mode. T_ "n will only occur during the 12-hour period when the SLRV is out
of contact with Gol_lt_ne. In any condition, the range of temperatures during the lunar

day for the SLRV electronics is from -10°C to +57°C.
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D. ENVIRONMENTAL CONSIDERATIONS

In general, it has been assumed throughout the study that factors which have

an environmental context would be considered on the basis of data derived for Survey_

This meant that until better data were available, vibration input levels were to be as-

sumed at eight times the forcing levels at the Centaur attachment points, to allow for

the unknown magnification factors involved.

Some reservation must be made before adopting the above philosophy. That is, it is

difficult to accept a thesis which neither allows for attenuation at higher frequencies

nor recognizes that the magnification factor will itself be a variable. A factor of 8

normally applies to a point of resonance and lies in the frequency band 20 to 100 cps.

In normal circumstances, slight overdesign can be tolerated. In the case of the SLR

care must be taken to ensure that no weight penalty is incurred. Before a testing pr

gram is implemented this should be resolved.
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The 'airplane' design concept of making a structure and building separate

q_lack boxes' that fit inside it is quite inexcusable in principle and unacceptable in

practice. From the outset, recognition has been given to the concept that subsystems

have individual identities only insofar as required to logically assist test and replace-

ment. The electronics assembly in each of the thermal compartments will be de-

signed as an integrated package, minimizing over-all weight and volume.
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